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SUMMARY 
The removal of H2S from industrial flue gas by absorption process is an important 
pollution control operation in many industries such as petroleum, natural gas and 
chemical industries. Although this absorption process is widely used in many countries, 
it requires enormous amount of pure water. For countries with water scarcity like 
Singapore, this absorption process appears to be less economically viable. The use of 
rainwater in place of pure water is an attractive option since it is freely available. 
However, the effectiveness of using rainwater for the removal of H2S through 
absorption has not been investigated yet. 
 
Many investigations have been carried out to study the phase behaviour of H2S in 
various aqueous media such as pure water, electrolyte solutions and alkanolamine 
solutions. However, no data are currently available in the literature on the solubility of 
H2S in rainwater. Such data are needed to evaluate the efficiency of removal of H2S by 
rainwater and to design an absorber for the desired industrial applications. Moreover, 
the reported investigations on the phase behaviour of H2S in pure water were conducted 
over moderate pressure and temperature ranges. Therefore, a robust vapour-liquid 
equilibrium (VLE) model, which is applicable over broader temperature and pressure 
ranges, is necessary for gaining a better understanding of the solubility of H2S not only 
in pure water bur also in rainwater.  
 
In this study, the Gamma/Phi formulation for VLE based on the use of the equation of 
state (EOS) for vapour phase and the activity function for liquid phase were employed 
in the modelling work. Four models with four different EOS and activity function 
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derived from the Pitzer equation of excess Gibbs energy were developed. The 
developed models were verified by comparing predicted values with experimental H2S 
solubility data on pure water and on single electrolyte systems at pressures up to 150 
bar and temperatures up to 171 oC. The effects of different pH values and electrolytes 
on the H2S solubility were also investigated.  
 
Among the four models developed in this work, the model based on modified Peng-
Robinson equation of state (MPR EOS) was found to be the best model by way of 
comparison of the predicted values with the experimental data. Therefore, this model 
was applied for the investigation of H2S solubility in the rainwater system. Since it is 
impossible to estimate the thermodynamic properties of individual ions directly (Pitzer, 
1991), rainwater is treated in this research as a multi-salt solution instead of multi-ion 
solution.  
 
The H2S solubility in pure water in relation to temperature, pressure, pH and 
electrolytes is modelled and discussed in this thesis. The H2S solubility in rainwater 
was also investigated, and was found to be similar to that in pure water due to very 
dilute concentration of electrolytes in the solution and the pH value which is smaller 
than its first dissociation constant, pKR1. 
 
This intercomparison suggests that the use of rainwater as an absorption medium for 
the removal of H2S is highly desirable in the view of growing interest in water 
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NOMENCLATURE 
Abbreviations 
A   absorber 
AMP   2-amino-2-methyl-1-propanol 
B   reboiler 
DEA   diethyloamine 
EOS   equation(s) of state 
F   acid gas flash 
HF   hydrocarbon flash 
MDEA  methyldiethanolamine  
MEA   monoethanolamine 
MPR   Modified–Peng-Robinson 
PR   Peng–Robinson 
PRSV   Peng–Robinson-Stryjek-Vera 
PW   pure water 
R   regenerator 
RK   Redlich-Kwong 
RW   rainwater 
SRK   Soave-Redlich-Kwong 
VLE   vapour liquid equilibrium (equilibria) 
W   water wash 
Symbols 
A, B, a, b, aij parameters of EOS 
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Aφ Debye Hückel parameter 
ai activity of species i 
a  parameter in PRSV EOS 




MXSHB  effective second osmotic virial coefficient for interactions 
between H2S and a salt MX (i = 0,1,3) 
C1, C2, C3, C4 coefficients of equilibrium constants and Henry’s constant 
κ
MXC  third osmotic virial coefficient of salt MX in Pitzer’s equation 
csw salinity of solution, mol/kg 
D relative dielectric constant of water 
e charge of proton 
f o   fugacity of component in standard state 
f   fugacity of pure component, bar 
f1, f2, f3 functions of Pitzer’s equation of excess Gibbs energy 
∧
f    fugacity of component in solution, bar 
F1, F2,.., F8 constants for saturated pressure of water 
Gex excess Gibbs energy 
Hij   Henry’s constant of solute i in solvent j, bar/molal 
I   ionic strength, mol/kg 
k Boltzmann constant 
kij interaction coefficients in between species i and j for equation of 
state 
KR   equilibrium constant for chemical reaction R 
Ksp   solubility product 
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m   molality, mol/kg water 
M cation M 
Mw molar mass of water, 0.01804 (kg/mol) 
NA Avogadro’s number 
ni moles of component i 
P   pressure, bar 
q1, q2 coefficients for the temperature dependence of interaction 
parameters 
R   gas constant, cm3 bar/mol K 
T   temperature, oC 
t1, t2, t3, t4 variables in water activity function 
Tc, Pc critical temperature and pressure  
TR reduced temperature 
SHt 2  total moles of H2S 
tw total moles of H2O 
U1, U2,…, U8 constants for dielectric constants 
V volulme, cm3 
x   mole fraction in liquid phase 
X anion X 
x, x1, x2 variables in Pitzer’s equation 
y   mole fraction in vapour phase 
Z compressibility factor 
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Greek letters 
σ deviation 
φ   fugacity coefficient 
∧
iϕ  fugacity coefficient of component i in solution 
κ parameter in EOS 
υ  partial molar volume, cm3/mol 
τ ternary interaction parameter in Pitzer’s equation 
Γ third osmotic virial coefficient 
β(0), β(1), β(2) binary interaction parameters in Pitzer’s equation 
Ω1, Ω2 constants of Pitzer’s equation 
γi activity coefficient of component i 
υi,R stoichiometric coefficient of component i in reaction R 
λi,j second osmotic virial coefficient in Pitzer’s equation 
λi,j(I)  ionic strength dependent second virial coefficient 
µi chemical potential of component i 
ν-, ν+ number of cations and anions 
ω acentric factor 
ε tolerance 
εo vacuum permittivity 
ρ mass density 
 
Subscripts 
i, j, k components i, j, k 
 NOMEMCLATURE 
 




R reaction R 
v vapour 




∞  infinite dilution 
cal calculated value 
L liquid phase 
lc short range contribution, represented by local composition theory 
pdh long range contribution, represented by Pitzer-Debye-Hückel 
equation 
sat saturation 
V vapour phase 
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CHAPTER 1 : INTRODUCTION 
1.1 Background 
The gas treating process to remove acidic gases such as hydrogen sulphide (H2S) and 
carbon dioxide (CO2) is important in many industries such as petroleum, natural gas 
and chemical industries due to a number of reasons, such as health, safety, pollution 
control, equipment corrosion during transport and distribution in an industrial process, 
and the avoidance of catalyst poisoning in reactors. 
 
The absorption process, which normally brings two phases (vapour and liquid phases) 
into contact countercurrently in an absorber, has been a widely used methodology for 
the removal of acidic gases. Chemical solvents, such as monoethanolamine (MEA), 
diethylamine (DEA), methyldiethanolamine (MDEA), and 2-amino-2-methyl-1-
propanol (AMP) have been commonly used in the removal of acidic gases. Although 
chemical absorption is popular in these industries, it requires an enormous amount of 
pure water for the preparation of the solvent solution. However, for water-scarce 
countries like Singapore, due to the rapid increase in population and economic 
development, water conservation has always been a top priority. The main sources of 
water in Singapore include reclaimed water (the recycling of wastewater) and the 
import of surface water from neighbouring countries. Another alternative source of 
water is by desalination process which will be operational by year 2005. These water 
supplies generally involve high water treatment cost and hence the use of pure water 
with a dose of chemical solvent to remove hydrogen sulphide is not a desired option in 
Singapore. Fortunately, Singapore receives abundant of rainfall every year, (about 2400 
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mm rainfall yearly). Thus, rainwater has become an attractive source of water for many 
domestic and industrial processes, which require the production of deionised water and 
ultra pure water. According to the research on rainwater analysis conducted by Begum 
(1998) (cf. APPENDIX C), the rainwater in Singapore is of high quality despite the fact 
that it is relatively acidic if compared to other cities/countries such as Hiroshima, Japan 
and Albany, New York, USA. Therefore, this study investigates the use of rainwater as 
a potential replacement of pure water for the absorption of H2S in industrial flue gas. 
Note that the term rainwater in the current context refers to the rainwater that is 
captured directly. 
 
Many investigations have been carried out to study the solubility of H2S in various 
aqueous solutions such as pure water, electrolyte solutions and alkanolamine solutions. 
(Carroll, 1990a and 1990b; Deshmukh and Mather, 1981; Haji-Sulaiman et al., 1998; 
Jou et al., 1985 and 2000; Li and Chang, 1994; Li and Mather, 1997; Posey and 
Rochelle, 1997 and Xia et al., 2000a, 2000b and 2000c). Similar studies were also 
extended to natural water systems, such as seawater at different salinity by Almgren et 
al. (1976) and Millero (1986). However, no such data are currently available in the 
literature on the solubility of H2S in rainwater. Moreover, a review of past 
investigations has shown that most of the modelling studies of H2S solubility are 
limited to moderate pressure and temperature regions even for pure water, and only 
single salt aqueous solution was studied. Hence, this study attempts to develop a robust 
VLE model which is applicable to broader temperature and pressure ranges and 
different electrolyte systems as well. The predictions from the developed model will be 
verified by comparison with the experimental data available in the literature. After 
establishing the reliability of the model, it will be used for the examination of the phase 
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behaviour of H2S in rainwater. The modelling work will be done by applying the 
fundamental phase equilibrium equation namely, “Gamma/Phi formulation” for the 
study of the vapour liquid equilibrium (VLE) of H2S-rainwater system. 
 
1.2 Process Specifications 
H2S and CO2 are usually removed simultaneously from a gas stream. This study 
considers the simple problem of removing only H2S from the gas stream by assuming 
that the presence of CO2 in the gas stream is too small to affect the removal of H2S. The 
most important instance of a process where essentially only H2S must be removed 
occurs as part of the hydrodesulphurisation processes. These processes are growing in 
importance because the supply of sweet crude oil in the world is shrinking. A typical 
hydrodesulphurisation process removes organic sulphur compounds from petroleum 
fractions and coal-derived liquids by catalytic reaction with hydrogen (H2) at high 
temperature and pressure. The sulphur containing organic compound is removed and 
then converted to H2S. The gas exiting from the reactor is H2 that contains H2S and 
certain amounts of light hydrocarbons formed in the reactor. Therefore, H2S must be 
removed so that H2 can be recycled (Astarita, 1983). 
 
The removal of acidic gases by absorption uses some variations on a basic process 
flowsheet shown in Figure 1-1. The raw gas is brought into contact countercurrently 
with regenerated lean solvent into the absorber. To enhance the mass transfer rate 
between two phases, the absorber is normally operated at low temperature (40 to 100 
oC) and high pressure (7 to 70 bar) conditions. Treated gas leaves overhead from the 
absorber which sometimes requires water wash to prevent carryover of solvent 
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compounds. The rich solvent solution leaving the bottom of the absorber is reduced in 
pressure, and is delivered to hydrocarbon flash to flash off the dissolved hydrocarbon 
and a portion of the acidic gas. The rich solvent solution may also be heated by hot 
regenerated lean solvent solution in rich/lean heat exchanger. The regenerator is 
normally operated at low pressure condition. The remaining dissolved acidic gases are 
stripped out with steam generated by reboiling the lean solution. In practice, the hot 
rich solution is usually allowed to flash into the top of regenerator and no separate flash 
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Caustic loop absorption: 
Removal of SO2, HCl, 
H2S, Cl2, chlorine 
oxides, HCN, HNO3, 
H2SO4 and other acids 
Acid loop absorption:  
Removal of NH3, 
soluble acids.  
Gas cooling and dust
removal. 
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1.3 Objectives 
Although the normal operating temperature and pressure in the absorption unit are 
generally between 40 to 100 oC and 7 to 70 bar respectively, the higher the pressure in 
conjunction with the higher temperature, increases the solubility of H2S in the solution. 
Therefore the solubility of H2S in the solution at pressures more than 70 bar is to be 
examined. 
 
In view of the non-availability of experimental data on the solubility of H2S in 
rainwater, modelling work is needed to investigate the phase behaviour of H2S in 
rainwater system. A robust and reliable model applicable over a wide range of 
operating conditions is required. Thus, the objectives of the research are: 
 
1. To determine a reliable model which is applicable in pure water and electrolyte 
system with pressures up to 150 bar and temperatures up to 171 oC, under 
different pH values and electrolytes. Several models will be developed by 
applying different equations of state (EOS) and validated by experimental data 
obtained from pure water system and electrolyte solutions. 
 
2. To study the feasibility of replacing pure water with rainwater by predicting the 
solubility of H2S in rainwater as a function of temperature, pressure, pH, and the 
presence of different electrolytes, with the use of the most reliable model. 
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CHAPTER 2 : LITERATURE REVIEW 
The models of the vapour liquid equilibria (VLE) of the acidic gases such as hydrogen 
sulphide (H2S) and carbon dioxide (CO2) in various aqueous solutions have been well 
developed because of their importance in many separation and purification processes. 
Gamma/Phi formulation which relates both vapour and liquid phases by applying phase 
equilibrium theory plays an important role in the modelling of VLE of acidic gas-
aqueous solution system. This formulation was developed by applying phase 
equilibrium theory and Henry’s law approach. It has been widely used by many 
researchers and can be solved by applying equation of state (EOS) for the vapour phase 
and activity function for the liquid phase.  
 
This chapter reviews the development of Gamma/Phi formulation, different EOS and 
activity functions for the modelling of VLE. In addition, several approaches that 
attempted to model the H2S solubility in different aqueous solution will also be 
reviewed.  
 
2.1 Phase equilibrium 
The fundamental phase equilibrium is commonly written in terms of chemical potential 
( µ ) such that, when two phases are in equilibrium, the chemical potential of species i 
in the vapour phase ( Viµ ) is equal to that in the liquid phase ( Liµ ); the pressure and 




i µµ =  (2.1)
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However, this equation is not suitable for a practical engineering study and therefore, 
the term fugacity is introduced. For practical engineering work, it is useful to rewrite 
Eq. (2.1) in terms of fugacities. Therefore, for the vapour phase and liquid phase to be 
in equilibrium, the fugacity of component i in the vapour phase (
∧
V
if ), must equal to 
that in liquid phase (
∧
L






i ff  
(2.2)
 
In order to facilitate Eq. (2.2) to be more widely applicable,
∧
V
if was rewritten as a 




if was rewritten as a function of T, P and ix where ix stands for the liquid 
phase composition in mole fraction. The two expressions were further facilitated by 
using three auxiliary functions: the vapour phase fugacity coefficient ( iϕ ), the liquid 
phase activity coefficient ( iγ ) and the liquid phase reference state fugacity ( oif ). As a 





= ϕ  (2.3)
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There are two conventions employed for oif , pure component (Raoult’s law approach) 
and infinite dilution (Henry’s law approach). In this study, the latter approach, infinite 
dilution reference state, is reviewed and applied.  
 
2.2 Henry’s law approach  

















The notation ijH denotes the Henry’s constant of solute i in solvent j. Note that the 
Henry’s constant is not the reference fugacity. It is equal to reference fugacity only at 
infinite dilution (Carroll, 1991). 
 
By thermodynamic relation for the effect of pressure on the reference fugacity at 












∂ υln  (2.6)
 
∞
iυ is the partial molar volume of component i at infinite dilution and is not a function 
of composition. The effects of temperature and pressure on 
∞
iυ should be included in 
the model, but there is no effect of composition on the reference fugacity.  
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By integration of Eq. (2.6) from infinite dilution ( 0→ix ,
o
jPP → , ij
o
i Hf = ) to the 
















Hf υexp  (2.7)
 
Therefore, the reference state fugacity is a function of pressure. Note that although the 
reference fugacity is a function of pressure, the Henry’s constant is not. The 
exponential term in Eq. (2.7) is known as Ponyting factor. It describes the non-idealities 
which are induced by effect of pressure on liquid phase. 
 
Consequently, by combining Eqs. (2.2), (2.3), (2.4) and (2.7), the equation for any 









































Note that, the Ponyting factor is insensitive to low pressure system (P<10 bar). Hence 
at the pressure range, it is normally assumed to be one. 
 
Eqs. (2.8) and (2.9), known as Gamma (γ )/Phi (ϕ ) formulation has been widely used 
in the modelling of many industrial processes (Carroll, 1990a and 1990b; Haji-
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Sulaiman et al., 1998; Li and Chang, 1994, etc.). By applying this equation, the system 
is modelled separately at vapour phase and liquid phase to better understand the VLE. 
Some equations of state (EOS) such as Peng-Robinson equation of state (PR EOS) and 
Redlich-Kwong equation of state (RK EOS) are used to estimate the fugacity 
coefficient of species i in the vapour mixture (
∧
iϕ ) and some activity functions are used 
for the determination of activity coefficient ( iγ ) of species i in liquid phase. For system 
involving more than one component, depending of the EOS applied, various set of 
mixing rules are proposed.  
 
2.3 Equations of state (EOS) 
EOS, the volumetric relations between pressure, molar volume, and the absolute 
temperature, have played an important role in the thermodynamic modelling of the 
VLE. With recent developments in VLE modelling, EOS are becoming useful tools for 
the determination of fugacity coefficients correlation and prediction of VLE of highly 
non-ideal mixtures over broad ranges of pressure and temperature (Orbey and Sandler, 
1998). The fugacity coefficient is significant for pressure from moderate to high 
pressure. However, when pressure is lower than 1 bar, it is normally assumed to be one 
(Carroll, 1990b). 
 
Van der Waals equation of state (van der Waals, 1873) was the first practical cubic 
equation of state that reasonably represented both the gas and liquid phases. This 
equation plays a very important part since it inspired the development of a large family 
of other equations of state. These equations include, the Redlich-Kwong equation of 
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state (RK EOS) (Redlich and Kwong, 1949), the Soave-Redlich-Kwong equation of 
state (SRK EOS) (Soave, 1972), the Peng-Robinson equation of state (PR EOS) (Peng 
and Robinson, 1976), the modified Peng-Robinson equation of state, (MPR EOS) (Peng 
and Robinson, 1980) and the Peng-Robinson-Stryjek-Vera equation of state (PRSV 
EOS) (Stryjek and Vera, 1986a and 1986b).  
 
To apply an EOS to a mixture, a set of mixing rules is needed according to the EOS 
employed. The set of mixing rules takes into account the effects of interaction ( ijk ) in 
between molecules. Note that this interaction coefficient is different from the 
interaction parameter used in activity function. It is only applicable to EOS and can 
only be obtained from experimental VLE data. Each EOS has distinguished interaction 
coefficient and for some cases, this interaction coefficient is assumed zero. 
 
2.3.1 Van der Waals equation of state 
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Here, a and b are positive constants. a is called the attraction parameter and b is the 
repulsion factor. When they are zero, the equation reduces to the ideal gas equation. Eq. 
(2.11) and Eq. (2.12) are cubic in volume (V) and compressibility (Z) respectively. 
Therefore, these two equations can be solved analytically for V or Z, thus facilitating 
computations such as in determining fugacity coefficient in vapour phase. Note that 
since the van der Waals equation is of the third degree in volume, any subcritical 
isotherm has three real positive roots, whereas supercritical isotherms have only one 
real root. When there are three real roots, the smallest is interpreted as the specific 
volume of a liquid phase, the largest as that of the vapour phase, and the intermediate 
one is physically meaningless. This is also applicable for the compressibility factor.  
 
Although van der Waals played a very important role in the past in the development of 
the theory of fluids, it can only be treated as a crude approximation because the 
pressure-vapour-temperature (PVT) properties of the liquid phase are reproduced much 
less satisfactory than those of the gas phase (Malanowski and Anderko, 1992). Thus, 
the following EOS which were developed based on van der Waals equation of state 
(1873) and can also be written in cubical equations for V and Z were introduced in 
modelling to give a more accurate prediction. The complete description for EOS and 
their respective mixing rules are also attached in APPENDIX A. 
 
2.3.2 Redlich-Kwong equation of state (RK EOS) 
The Redlich-Kwong equation of state (RK EOS) (Redlich and Kwong, 1949) (cf. 
Appendix A, Eq. (A.1.1)) was a considerable improvement over the van der Waals 
equation of state (van der Waals, 1873), Eq (2.10). To a large extent, RK EOS has 
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retained its popularity over the past three decades because of its simplicity in 
application. However, for the VLE calculations, the original RK EOS was found to be 
less satisfactory (Smith et al., 1996), especially when the system is in high temperature 
and pressure conditions.  
2.3.3 Soave-Redlich-Kwong equation of state (SRK EOS) 
One of the most significant milestones in the development of cubic equations of state is 
the publication by Soave (1972) (cf. APPENDIX A, Eq. (A.2.1)) of a modification in 
the method for evaluating the parameter a in RK EOS. The modified RK EOS is named 
as SRK EOS, which is basically an improved form of RK EOS to fit the vapour 
pressure data of hydrocarbons. The temperature dependent term
T
a
of the RK EOS 
was replaced by a function, aα, involving the critical pressure, Pc, critical temperature, 
Tc, and the acentric factor, ω, of the pure component. A review by Robinson et al. 
(1985) has pointed out that the application of SRK equation in the prediction of 
hydrocarbon VLE and other related properties illustrated the remarkable ability of the 
Soave modification to predict equilibrium ratios in natural gas system. Although SRK 
EOS gives good agreement between experimental and predicted equilibrium ratios, the 
study by Robinson et al. (1985) also showed a need for an improvement in the ability of 
the equation of state to predict liquid densities and other fluid properties particularly in 
the vicinity of the critical region. Hence, the Peng-Robinson equation of state (PR 
EOS) was developed. 
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2.3.4 Peng-Robinson equation of state (PR EOS) 
Similar to SRK EOS, the PR EOS (Peng and Robinson, 1976) (cf. APPENDIX A, Eq. 
(A.3.1)) was also a modified form of RK EOS. It preserves the attractive simplicity of 
the cubic form and yet increases the reliability of its performance in the critical region 
and along the saturated liquid curve. The parameters such as a and b are obtained as in 
the SRK treatment (cf APPENDIX A, Eqs. (A.2.4) and (A.2.7)). The main difference 
comes from the parameter α. Although the equation to determine α. in PR EOS is the 
same as that in SRK EOS, by referring to APPENDIX A, Eqs. (A.2.6) and (A.3.6), the 
expression of κi is different in SRK EOS and PR EOS. Apart from this, in SRK EOS, 
κi, is obtained from the slope at TR = 0.7 of a plot of 2
1
α  and 2
1
RT  along the vapour 
pressure curve from TR = 0.7 to TR = 1.0, whereas in PR EOS, the vapour pressure data 
from the normal boiling point to TR = 1.0 is used which generally gave information 
over wider temperature range (Robinson et al., 1985). Therefore, PR EOS has become 
the favoured equation to apply in most of the modelling of the sour water system and 
has been widely applied to petroleum systems (hydrocarbons and a few associated non-
hydrocarbons such as CO2 and H2S). 
 
2.3.5 Peng-Robinson-Stryjek-Vera equation of state (PRSV EOS) 
Although PR EOS works well for light hydrocarbon systems, and a few associated non-
hydrocarbons (H2S, CO2, carbon monoxide (CO) and nitrogen (N2) for example) and 
mixtures of these substances, it does not work well for water and aqueous systems 
because this equation does not accurately predict the vapour pressure of water (Stryjek 
and Vera, 1986a). This is also true for SRK EOS. These equations were found to be 
less accurate in predicting the pure component vapour pressure, which is the 
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prerequisite for the accurate multi-component VLE calculations. Stryjek and Vera 
(1986a) modified the original PR EOS to make it more widely used for both polar and 
non-polar substances. The equation is named Peng-Robinson-Stryjek-Vera equation of 
state (PRSV EOS) and is shown in Eq (A.4.1) in APPENDIX A. 
 
PRSV EOS is similar to PR EOS, except that the α term was modified and a relatively 
complicated set of mixing rules was proposed in order to incorporate the composition 
effect. These modifications are shown clearly in APPENDIX A. In order to support the 
modifications, Stryjek and Vera (1986a) compared the percent deviation in vapour 
pressures over wide range of acentric factors calculated with the PR EOS and PRSV 
EOS respectively. The results are presented in Figure 2-1 and Figure 2-2. The errors are 
large at all temperatures for compounds with large acentric factors as shown in Figure 
2-1, even for non-polar compounds such as hexadecane, and that the error increases 
rapidly at low reduced temperatures for all compounds. For Figure 2-2, the maximum 
deviation in vapour pressure calculations obtained with the PRSE EOS is rarely greater 
than 0.2 to 0.3%. However, there is temperature constraint to apply this equation. For 
instance, for H2S, this equation is only valid for reduced temperatures (TR) from 0.56 to 
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Figure 2-1 Percent deviations in vapour pressures calculated with PR equation as a function 
of reduced temperatures for some typical compounds: 1. oxygen; 2. water; 3. acetone; 4. 1-butanol 




Figure 2-2 Percent deviations in vapour pressures calculated with the PRSV equation as a 
function of reduced temperatures for some typical compounds; 1. oxygen; 2. water; 3. acetone; 4. 
1-butanol and 5. hexadecane (Carroll and Mather, 1989) 
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2.3.6 Modified Peng-Robinson equation of state (MPR EOS) 
The attempts at predicting the solubility of gases with and without the effect of salts in 
the aqueous solution using equation of state at high temperature and pressure have so 
far been limited. Peng and Robinson (1980) proposed two modifications for the original 
PR EOS to predict the phase behaviour of high temperature and high pressure system, 
including the effect of salts in aqueous phase. The two modifications are: 
 
1. An α-term in the EOS has been developed specifically for the water/brine 
component as a function of sodium chloride (NaCl) brine salinity and pure 
water reduced temperature, TR; 
 
2. Two sets of binary interaction parameters, which induce two sets of aij, one set 
for aqueous phase and another set for non-aqueous phase in the classical mixing 
rule for mixture EOS constant, a, have been determined as a function of acentric 
factor, temperature and salinity.  
 
It should be pointed out that although there is a clear empirical advantage in 
introducing two aij values for aqueous systems, it does lead to a thermodynamic 
inconsistency. This arises from the fact that the fugacity of the component in the liquid 
phase is calculated by an integral from zero density to the liquid density. In effect, two 
different values of aij are therefore used for the vapour phase at the very low pressure 
(Robinson et al., 1985). 
 
The MPR EOS was applied to both aqueous and non aqueous phase for several binary 
mixtures (Peng and Robinson, 1980). The binary mixtures included water and 
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hydrocarbons (C1–nC6) and non-hydrocarbons commonly found in petroleum mixtures 
like N2, CO2 and H2S. Søreide and Whitson (1992) had utilized this MPR EOS for 
predicting mutual solubilities of brine/hydrocarbon mixtures with MPR EOS at high 
pressure and temperature. The excellent agreement of the MPR EOS with the 
experimental results can be observed from Figure 2-3 and Figure 2-4. 
 
 
Figure 2-3 Measured (symbols) and MPR EOS calculated (solid lines) H2S mole fraction in 
vapour phase at different temperatures and pressures (experimental data from Selleck et al, 1952). 
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Figure 2-4 Measured (symbols) and MPR EOS calculated (solid lines) methane solubility in 
the aqueous phase of a methane/NaCl brine system at 103oC as a function of pressure and brine 
salinity (experimental data from O’Sullivan and Smith, 1970). 
 
2.4 Activity functions 
The activity of component i (ai) is the product of activity coefficient of that component 
(γi) and that its ‘true’ concentration (mi) in the solution.  
iii ma γ=  (2.13)
 
The activities of all species are strongly dependent on the ionic strength of the solution 
and the interactions between species. Generally, these interactions can be classified into 
two types, namely long range interaction and short range interaction.  
 
Long range interaction is mainly induced from ion-ion interactions which are 
dominated by electrostatic forces between ions. These electrostatic forces are inversely 
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proportional to the square of the separation distance and therefore have a much greater 
range than other intermolecular forces that depend on higher powers of the reciprocal 
distance. 
 
The short range interactions cover many different types of forces arising from 
molecule-molecule interactions such as forces between permanent dipoles, induction 
forces between permanent dipoles and induced dipoles or dispersion forces between 
non-polar molecules (Prausnitz, 1969); and ion-molecule interactions that incurred 
between ions and permanent dipoles (Chen et al., 1982). 
 
In very dilute aqueous solution, ions are so far apart that the interaction is negligible. 
Hence, it is valid to assume unity for γi. However, when the concentration of ions in 
solution increases, the electrostatic forces between the ions also increase and the 
activity becomes somewhat less than their measured or analytical concentrations. 
Therefore, when the presence of electrolytes is significantly high in concentration, the 
interaction forces between species are significant. Hence, the γi of each component in 
the solution has to be taken into account in order to minimize the possible errors. 
Several models that are commonly used for the calculation of activity coefficient of 
component i in aqueous solution will be discussed below. 
 
2.4.1 Extended Debye-Hückel approximation 
The Debye-Hückel theory of interaction of ions in aqueous solutions incorporates both 
the electrostatic interactions between ions and the thermal motion of the ions. The 
original Debye-Hückel expression is: 
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The first term of the equation accounts for the electrostatic effects of the solvent on the 
solute species at infinite dilution or the long range interactions. The second term takes 
into account the short range van der Waals interactions. The βij term is the specific 
binary interaction coefficient for the pair of species ij and I is the ionic strength of the 
solution. Aφ is the Debye Hückel parameter, zi is the ionic species charge and mi is the 
molal concentration (mol/kg water) of species i in the solution. The interaction 
parameters in Eq. (2.15) for all pairs of species present in the mixture must be known in 
order to estimate activity coefficients (Deshmukh and Mather, 1981). Several 
methodologies were developed to estimate the interaction parameters. For instance, 
Deshmukh and Mather (1981) had proposed a methodology to obtain the interaction 
parameters by least squares fitting of experimental data. 
 
2.4.2 Pitzer equation for the excess Gibbs energy 
The Pitzer equation for the excess Gibbs energy has been applied successfully to 
represent data within experimental error from dilute solutions up to an ionic strength of 
six molal for both aqueous single strong electrolyte systems (Pitzer and Mayorga, 
1973a) and aqueous mixed strong electrolyte systems (Pitzer and Kim, 1974). Pitzer’s 
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excess Gibbs energy equation is a virial expansion equation and is subject to all of the 
limitations of a virial model. The model parameters are arbitrary, temperature-
dependent, and characteristic of the solvent (Chen et al., 1982).  
 
The equation of Pitzer for the excess energy of an aqueous, salt containing system is 
( ) ( )∑∑ ∑∑∑
≠ ≠ ≠ ≠ ≠
++=







,,,1 τλ  (2.16) 
 
( ) ( )Ib
b
IAIf +−= 1ln41 ϕ  (2.17)
 
f1(I) is the modified Debye-Hückel term which represents the effect of long range 
electrostatic forces. 
 
( ) ( ) ( )22)2(,12)1(,)0(,, xfxfI jijijiji βββλ ++=  (2.18)
λi,j(I) is the ionic strength dependent second virial coefficient, and it takes into account 
the short range forces between species i and j. The triple ion interaction (τi,j,k) is the 
ternary interaction parameter and it is significant only at high concentration. 
 
The activity coefficient of species i is given by differentiation of Eq. (2.16) with respect 






















and the finalised equation is: 
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In Eqs. (2.16) and (2.20), wjwi ≠≠ ,  in the summation terms refer to the solute 
component excluding water. 
 
All symbols retain the same meaning as mentioned in Eq.(2.15). b is 1.2 (kg/mol)0.5 for 
all electrolytes. )(,
m
jiβ is the binary interaction parameter with superscript m = 0, 1, 2 and 
it is an empirical functions of ionic strength.  
 
f2(x) is defined as: 
( ) ( )[ ]xex
x
xf −+−= 11222  (2.21)
where 
Ix 11 Ω=  (2.22)
Ix 22 Ω=  (2.23)
 
1Ω  has a value of 2.0 for salts with at least one univalent cation or anion. The binary 
parameter is usually assumed zero except at very high temperature (Xia et al., 2000a). 
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Although the Pitzer equation for the excess Gibbs energy is well developed and 
applicable for many electrolytes aqueous solution, this equation is not applicable for 
mixed solvent systems because its parameters are unknown function of solvent 
composition (Chen et al., 1982). 
 
2.4.3 Chen and Evans Model 
For electrolyte system, a model that does not have the limitation in Pitzer equation of 
excess Gibbs energy given in Eq. (2.20), was proposed by Chen et al. (1982). This 
model was developed based on local composition theory with two important 
assumptions.  
 
1. The first is called the like-ions repulsion assumption and states that the local 
composition of cations (anions) around anions (cations) is zero. In other words, 
the repulsive forces between like charged ions are extremely large.  
2. The second assumption is called local electroneutrality and states that the 
distribution of cations and anions around a central solvent molecule is such that 
the net local ionic charge is zero. 
 
Based on these assumptions, the excess Gibbs energy of electrolyte system can be 
written as the sum of two contributions, one related to the short range or local ion-
molecule, ion-ion and molecule-molecule interactions that exist in the immediate 
neighbourhood of any species, and the other related to the long-range ion-ion 
interactions that exist beyond the immediate neighbourhood of a central ionic species. 
Short- range interactions dominate in the region of high electrolyte concentration while 
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long-range interactions dominate in the region of dilute electrolyte. The long range ion-
ion interactions are represented by extended Debye-Hückel formula proposed by Pitzer 
and is denoted as 
RT
G pdhex,  whereas the short range interactions of all kinds are 
accounted for by the local composition theory which was developed by the non-random 
two-liquid (NRTL) model and are denoted as 
RT
G lcex,  (Chen et al., 1982).  
 
Note that the Pitzer-Debye-Hückel expression was developed in unsymmetrical model 
whereas the local composition model for the short range interaction contribution is 
developed as a symmetric model, based on pure solvent of completely dissociated 
liquid electrolyte. The electrolyte reference state may be hypothetical or it may actually 
exist as a pure fused salt. Hence, the local composition model is then normalized by 
infinite dilution activity coefficients in order to obtain an unsymmetrical local 
composition model. Finally, the unsymmetrical Pitzer-Debye-Hückel expression and 
the unsymmetrical local composition expression are added to yield the excess Gibbs 













ii γγγ lnlnln +=  (2.26)
 
This proposed excess Gibbs energy expression can represent infinitely dilute electrolyte 
system where it reduces to the Debye-Hückel model (Eq. (2.14)), and pure molecular 
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systems where it reduces to the electrolyte nonrandom two-liquids (NRTL) model, or 
pure fused salts and provides a continuous connection between all of these limiting 
systems. Unlike the original Pitzer equation (1973b), this model considers all the 
species in a system as interacting particles, including the solvent molecules, therefore it 
is still a favourable equation to be used for system with mixed solvents. 
 
2.5 Previous models for the prediction of the solubility of H2S in 
aqueous solutions 
Several models had been developed for the prediction of the solubility of hydrogen 
sulphide (H2S) in various aqueous solutions at different temperatures and pressures. 
These include investigation works by Austgen et al. (1989 and 1991), Deshmukh and 
Mather (1981), Kuranov et al. (1996 and 1997) and Xia et al. (2000a, 2000b and 
2000c). A recent research by Carroll (1998) had also studied the effect of pH on the 
solubility of H2S. Gamma/ Phi formulation (Eq. (2.8) and Eq. (2.9)) is the main 
equation used for most of the models developed to predict the vapour liquid phase 
equilibria,. This formulation has implied that the vapour phase and liquid phase can be 
modelled separately with the means of EOS for the vapour phase fugacity coefficient of 
component i ( i
∧
ϕ ) and activity function for the liquid phase activity coefficient of 
component i (γi.).  
 
The mathematical model by Deshmukh and Mather (1981) for the equilibrium 
solubility of hydrogen sulphide and carbon dioxide in aqueous monoethanolamine 
(MEA) solutions used the PR EOS to calculate i
∧
ϕ  and the extended Debye-Hückel 
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expression given by Guggenheim (Eq. (2.15)) to account for γi. The extended Debye-
Hückel expression used only includes the electrostatic forces and the short-range Van 
der Waals forces. The long range interactions were neglected. This modelling work had 
defined the activities of the electrolytes species so that the activity coefficients 
approach unity in an infinitely dilute solution. On the other hand, the activity 
coefficient of the solvent approaches unity as the mole fraction of water approaches 
unity. The modelling result had shown a good agreement for system at conditions of 
low temperature and low H2S partial pressure.  
 
Austgen et al. (1989 and 1991) utilized the SRK EOS for the vapour phase and 
electrolyte-nonrandom two-liquid (NRTL) model theory as proposed by Chen et al. 
(1982) to account for the γi for the modelling of acidic gas treating systems. This model 
has correlated the experimental VLE data of mixed solvent system such as MEA-
MDEA-CO2-H2O, DEA-MDEA-CO2-H2O, MEA-CO2-H2O, MEA-H2S-H2O, MEA-
H2S-H2O and MEA-H2S-H2O systems successfully. 
 
For the modelling of the solubility of single H2S and CO2 in aqueous solution of 
methyldiethanolamine (MDEA), Kuranov et al. (1996) used the truncated virial 
equation for the calculation of i
∧
ϕ . The γi of both molecular and ionic species were 
calculated by Pitzer equation for the excess Gibbs energy of an electrolyte solution (Eq. 
(2.16)). However as mentioned earlier, Pitzer equation for the excess Gibbs energy is 
not applicable for mixed solvent system as its parameters are unknown function of 
solvent composition. Therefore, Kuranov et al. (1996) had treated MDEA as an 
electrolyte in the aqueous phase instead of a solvent and the binary and ternary 
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interaction parameters were determined by his experimental data. In addition, in order 
to reduce the number of parameters, all binary and ternary interaction parameters 
involving two or three particles with the same sign of charge were neglected. The 
sensitivity test by Kuranov et al. (1996) had also revealed that the omitted parameters 
would not reduce the accuracy of the modelling result with the experimental data. 
Overall, Kuranov et al. (1996) had successfully correlated the experimental data with 
his model for MDEA-H2S-H2O and MDEA-CO2-H2O systems at temperatures ranges 
from 40 to 140 oC and pressures up to 50 bar. 
 
Xia et al. (2000a, 2000b and 2000c) had extensively applied the Pitzer equation for the 
excess Gibbs energy of an electrolyte solution (Eq. (2.16)) for the modelling of H2S in 
different electrolytes solutions. The studied electrolytes included weak electrolytes such 
as ammonium acetate (CH3COONH4) and strong electrolytes such as sodium sulphate 
(Na2SO4), sodium nitrate (NaNO3), etc. The binary and ternary parameters in the 
calculations were either taken from literatures (Kuranov, 1996; Rumpf, 1998, etc.) or 
by his work. This work had modelled the H2S in single electrolyte solution at 
temperatures ranging from 40 to 140 oC and pressures up to 100 bar. 
 
Carroll (1990a and 1990b) modelled the solubility of hydrogen sulphide in water 
system using the modified Henry’s Law approach (Carroll and Mather, 1989; Carroll, 
1991 and 1992). Carroll (1990b) categorised the system into three groups based on the 
different operating pressure ranges. For pressures less than about 1.25 bar, a simple 
Henry’s Law gives good agreement of the solubility of hydrogen sulphide to 
experimental data. For pressures in between 1.25 bar to 10 bar, the non-idealities occur 
in the vapour phase must be included by means of the equation of state. Finally when 
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the pressure is greater than 10 bar, non-idealities in the liquid phase must be included 
and modification of Henry’s Law is required and therefore Eq. (2.7) is proposed. In 
Carroll’s studies (Carroll and Mather, 1989; Carroll, 1990a and 1990b), he used RK 
EOS for the prediction of fugacity of H2S in vapour phase. The mixing rules used are 
those proposed by Redlich and Kwong (1949) and did not include the interaction 
parameters. The temperatures studied were lower than 90oC and the pressures up to 10 
bar. For liquid phase, the activities of species i were assumed unity due to the low 
temperature and pressure ranges investigated. Apart from this, Carroll had also 
examined the effect of pH on the H2S solubility in water (Carroll, 1998). It was shown 
that in acidic solutions, the solubility is only slightly different from pure water. 
However, in alkaline solutions, the solubility is dramatically increased. 
 
The model by Søreide and Whitson (1992) used MPR EOS for predicting mutual 
solubilities of brine/hydrocarbon mixture at high pressure and temperature, including 
the effect of salinity in the aqueous phase. The same concept was also applied to 
examine the solubility of H2S in aqueous solution at high temperature and pressure. 
Two sets of binary interaction parameters, and aqueous phase and non-aqueous phase 
in the classical mixing rule for mixture EOS constant, a, were determined. The 
modelling results gave good agreement to the experimental results especially in vapour 
phase. The pressures studied was up to 350 bar and temperatures up to 171 oC. For 
liquid phase, the agreement was acceptable at pressures up to 140 bar. 
 
In natural water systems, the thermodynamics and kinetics of the hydrogen sulphide 
have been extensively studied by Millero (1986), Hershey et al. (1988) and Almgren et 
al. (1976). Among all activity functions, the original Pitzer equation (Pitzer, 1973b and 
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Pitzer, 1991) is the most appropriate equation to account for the activity coefficients of 
all species in the aqueous solution. The kinetics of oxidation of H2S was also been 
examined as a function of pH, temperature and salinity.  
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CHAPTER 3 : MODELLING DEVELOPMENT 
For a rational design, it requires knowledge of the phase equilibrium of the system and 
the reliable experimental data which often appeared to be very limited. Thus, modelling 
which is a very useful tool in predicting the non-readily available data by applying 
some fundamental equations, is introduced. In this study, the thermodynamic equations 
(Gamma/Phi formulation, activity functions and equations of state (EOS)), chemical 
equilibrium equations, mass balance equations and electroneutrality equation were 
applied. Therefore, the understanding of the chemistry background and reactions that 
take place in the vapour liquid system is essential. 
 
Moreover, by referring to Table C-1   in APPENDIX C, rainwater has pH ranging from 
4 to 6 with presence of ions such as sodium ion (Na+), ammonium ion (NH4+), sulphate 
ion (SO42-), nitrate ion (NO3-) and chloride ion (Cl-) which mainly contribute to the 
short range and long range interactions, hence affect the solubility of H2S in rainwater. 
The effect of trace elements on H2S solubility in rainwater is neglected in this study due 
to the unavailability data on the interaction parameters between trace elements, and 
trace elements and H2S molecules. 
 
Since it is not possible to estimate the thermodynamic properties of individual ions 
directly (Pitzer, 1991), in this study, rainwater was treated as a solution with various 
neutral salts. For the prediction of H2S solubility in rainwater, the study has first 
developed a model which can best fit the preceding experimental data of H2S in pure 
water system at temperatures and pressures up to 171 oC and 150 bar respectively by 
applying different EOS. The best fit model was further applied to various sets of H2S-
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single electrolyte (MV+XV-) solution systems and the modelling results were verified by 
experimental data of Xia et al. (2000a, 2000b and 2000c). Finally, the verified model 
will be employed on H2S-rainwater system and the phase behaviour of H2S in rainwater 
was investigated. With the available data from the literatures, the main salts or 
electrolytes considered in rainwater are: 
 
 Sodium nitrate, NaNO3,  
 Sodium sulphate, Na2SO4 
 Sodium chloride, NaCl 
 Ammonium nitrate, NH4NO3 
 Ammonium sulphate, (NH4)2SO4 
 Ammonium chloride, NH4Cl 
 
This chapter aims to describe the model development by describing the chemistry 
background and reactions taking place in the vapour liquid equilibrium system. The 
equations applied in the calculations and modelling along with computational 
procedures for H2S-pure water system, H2S-MV+XV- solution and H2S-rainwater system 
are also presented and discussed. 
 
3.1 Chemistry background and equations 
In order to study the solubility of a gas in solutions, it is normally recommended to start 
with a batch system instead of a continuous one. Therefore, in other words, H2S with 
known quantity and concentration is fed into a reactor with known volume only once. 
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Normally, the purity of H2S as high as 98 mole% is used. The composition and mass of 
solvent is also known. 
 
Figure 3-1 shows the chemical reactions in the vapour and liquid equilibrium of H2S in 
single electrolyte aqueous solution. In vapour phase, there are only volatile components 
present, which are H2S and H2O vapours. In single electrolyte solution or aqueous 
phase, four reactions were considered, i.e. the formation and dissociation of bisulphide 
(HS-), the autoprotolysis of water and the dissociation of electrolytes Mν+Xν. The first 
two reactions (R1 and R2) show that hydrogen sulphide is present not only in molecular 
form but also in ionic, non-volatile form.  
 
 
Figure 3-1 The phase reactions for modelling of the vapour liquid phase equilibrium of H2S 
in aqueous solutions of electrolyte solution 
 
The mass transfer of H2S and water between vapour phase and liquid phase is 







H2S ↔ HS- + H+   (R1)
HS- ↔ S2- + H+   (R2)
H2O ↔ OH- + H+   (R3)
Mν+Xν- ↔ ν-·Xz- + ν+·Mz+  (R4)
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saturated pressure of water at that temperature is used as the reference state. Owing to 
the molality scale of Henry’s Law constant, the mole fraction of H2S in aqueous phase 










































=+ wSH yy  (3.3)
 
In order to determine the solubility of H2S in aqueous phase ( SHm 2 ), the fugacity 
coefficients of H2S (
∧
SH2
ϕ ) and water (
∧
wϕ ) in the vapour phase, the activity coefficient 
of H2S ( SH2γ ) and the activity of water (aw) have to be calculated. The Henry’s constant 
( SHH 2 ), the saturated vapour pressure of water (
sat
wP ) and the saturated fugacity 
coefficient of water ( satwϕ ) are functions of temperature and their correlations are given 
in the next section.  
 





wϕ  were calculated through EOS as mentioned earlier in the 
literature review and are shown in APPENDIX A. SH2γ was calculated by Pitzer 
equation for the excess Gibbs energy as shown in Eq. (2.20). aw is determined from 
Gibbs-Duhem equation as shown below: 
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2ln 21 τβββϕ  (3.4)
 
The first term of Eq. (3.4) takes into account the long range interaction. The second and 
third terms of Eq. (3.4) are to account for the binary and ternary ionic interactions 
respectively, whereas the last term is the summation of all species in aqueous solution. 
The value of the partial molar volume of H2S in water at infinite dilution (
∞
SH2υ ) can be 
found in the literature and will also be shown in the next section. 
 




































































The activity coefficients of all species are usually negligible in dilute solutions. 
However, in relatively concentrated solutions or when the presence of ions is 
significant enough to affect the measured or analytical concentrations, the activity 
coefficients of present species have to be taken into account. The following sections 
will discuss the calculations of SH2γ and aw for different systems. 
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3.1.1 H2S-pure water system 
By referring to Eq. (2.20), the activity coefficient of H2S in pure water can be 
simplified as: 
SHSHSHSHSHSH mm SHSH 22222,222 ,,
)0( 32ln τβγ +=  (3.9)
The ternary parameter ( SHSHSH 222 ,,τ ) was neglected.  
 















The molality of HS- (
−HSm ) is normally neglected in the calculation due to the fact that 
only very small concentration of HS- is dissociated in the solution. 
 
3.1.2 H2S-single electrolyte system 
In single electrolyte solution, denoted as MV+XV-, the activity coefficient of H2S is 
written in Eq. (3.11). 
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B , )2( ,2 MXSHB , MXSHSH ,, 22Γ  and MXMXSH ,,2Γ  are the 





















XSHSHMSHSHMXSHSH vv ,,,,,, 222222 ττ −+ +=Γ  (3.14)
 
The parameters )1( , 22 SHSHβ , )2( , 22 SHSHβ , )1( ,2 MXSHB , )2( ,2 MXSHB  and MXSHSH ,, 22Γ  are usually 
neglected, i.e. they are set to zero (Xia et al., 2000c). 
 
For the calculation of aw with presence of single electrolyte, the binary and ternary 
interaction parameters involving two or more species of the same sign of charge are 
usually set to zero. The ternary parameters ( XXM ,,τ  and XMM ,,τ ) are usually reported as 


























Normally, the parameter XXM ,,τ is set to zero and the ternary parameter XMM ,,τ is 




,, =  (3.16)
whereas for 2-1 salt (i.e. Na2SO4) 
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φτ MXXMM C23
1
,, =  (3.17)
 
Therefore, the resulting equation for aw becomes 




















2ln φϕ ββ  (3.18)
Similarly, the 
−HSm is negligible. 
The binary and ternary interaction parameters for calculating aw can be found in 
APPENDIX B.  
 
In order to predict the solubility of H2S in rainwater system or a mixed-electrolyte 
system, the solubility data of H2S in single electrolyte mentioned above has to be 
obtained first. Eqs. (3.19) to (3.22) below are the equations derived from Eq. (3.11) and 







)0( 322ln NaNONaNOSHNaNONaNOSHNaNOSHSH mBmm SHSH Γ++= βγ  (3.19)




















ϕ ββ  (3.20)
 
The deriviations for NaCl, NH4Cl and NH4NO3 are similar to that for NaNO3. Instead, 
it only replaces the subscript of NaNO3 with NaCl, NH4Cl or NH4NO3. 
 
For Na2SO4, 
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IAMa φϕ ββ  (3.22)
 
The derivation for (NH4)2SO4 is also similar to that for Na2SO4, instead, it just replaces 
the subscript of Na2SO4 with (NH4)2SO4. 
 
3.1.3 H2S-rainwater system 
Eq. (2.20) and Eq. (3.4) have shown that the interaction parameters are additive for 
each term. Hence, with the activity function for H2S discussed in H2S-single electrolyte 























































and the activity of water is represented by: 










1 ϕ  (3.25)
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( ) ( )( )4244243432 324 SONHSONaClNHNONHNaClNaNOSH mmmmmmmt ++++++=  (3.28)
 
Apart from these equations, the mole balance equations and electroneutrality equation 
were also employed for the determination of the concentrations of other components 







+= OHOHw nnt 2  (3.30)
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⋅=⋅ ∑∑ −−++ (3.31)
 
The condition for liquid phase electroneutrality is, 





nvnnnvn ∑∑ −−−++ ⋅+⋅+=⋅+ −+ 22 (3.32)
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3.2 Parameters and constants 
3.2.1 Debye Hückel parameter, Aφ 
The term Aφ is the Debye Hückel parameter for the osmotic coefficient. It is calculated 
by: 


















where NA is the Avogadro’s number, ρw is the mass density of water, e is the charge of 
proton, εo is the vacuum permittivity, D is the relative dielectric constant of water, k is 
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Table 3-1 Values of the constants for the dielectric constant, D, of water (Pitzer, 1991) 
Symbols Constants 
U1 3.4279 x 102 
U2 -5.0866 x 10-3 
U3 9.4690 x 10-7 
U4 -2.0525 
U5 3.1159 x 103 
U6 -1.8289 x 102 
U7 -8.0325 x 103 
U8 4.2142 x 106 
U9 2.1417 
 
3.2.2 Equilibrium (KR) and Henry’s constants (Hij) 
The thermodynamic equilibrium constants used in this work are based on the mole 
fraction scale. In this work, the equilibrium constants and Henry’s Law constant are 
those reported by Edwards et al. (1978). Note that the subscript j of Henry’s constant 
represents water and it is normally not written in the notation.  
 
The equation of equilibrium constants and Henry’s constant are: 
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Table 3-2 Effect of temperature on equilibrium constants and Henry’s constant 
Reactions C1,i C2,i C3,i C4,i Tmin(oC) Tmax(oC) 
Equilibrium constants, RiK  
H2S ↔ HS- + H+ 214.582 -12995.4 -33.5471 0 0 150 
HS- ↔ S2- + H+ 136.915 -13445.9 -22.4773 0 0 150 
H2O ↔ OH- + H+  132.899 -13445.9 -22.4773 0 0 225 
Henry’s constant, SHH 2 (bar/molal) 
H2S(g) ↔ H2S(aq) 358.138 -13236.8 -55.0551 0.059565 0 150 
 
3.2.3 Saturated pressure of water, satwP  
The equation for the calculation of saturated pressure of water is taken from Keenan et 
al. (1978). 
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3.2.4 Partial molar volume of H2S in infinity dilution of water, 
∞
SHv 2  
Table 3-4 shows the values of 
∞
SHv 2  taken from Roberts et al. (1985) at temperature of 
25 oC and from Xia et al. (2000a) at temperatures of 40 oC, 60 oC and 120 oC. 
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3.2.5 Interaction coefficients of EOS 
Different EOS has respective interaction coefficient between water and H2S molecules 
(kij). It is an empirical value and is available in the literature. Table below gives the kij 
used in each EOS. Subscript 1 refers to H2S and subscript 2 refers to water. 
 
Table 3-5 The interaction coefficients for different EOS. 
EOS k12 Reference 
RK 0 Redlich and Kwong (1949) 
SRK 0.083 taken from HYSYS 3.01 
PRSV k12 = 0.819-0.00159 x (T+273.15) 
k21 = -0.190 + 0.000605 x (T+273.15) 
Roberts and Tremaine (1985) 
MPR k12 = 0.19031-0.05965 x TR2 Søreide and Whitson (1992) 
 
3.2.6 Interaction parameters for Pitzer equation of excesss Gibbs energy 
The Pitzer’s interaction parameters between gas molecules in pure water, between 
anions and cations, and between gas molecules and ions are empirical values. They are 
important parameters to account for the activity coefficients of all species in the 
aqueous solution as well as the activity of water. Xia et al. (2000a, 2000b and 2000c), 
Kuranov et al. (1996), Rumpf et al (1998) had contributed greatly in determining these 
interaction parameters through their experimental data. The interaction parameters were 
determined independently from different subsystems and are given in Table 3-6. The 
general equation for calculating these interaction parameters is: 
T
qqTf 21)( +=  (3.41)
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Table 3-6 The Pitzer’s interaction parameters for H2S in different subsystems as a function 
of temperature.  
Parameters, )(Tf  1q  2q  T (










B  0.05147 -21.2928 40–120 NH3+H2S+H2O 




B  -0.08436 115.72732 40–120 H2S+Na2SO4 +H2O Xia et al. (2000b) 
)0(
42)4(,2 SONHSH
B  0.14091 4.70824 40–120 H2S+(NH4)2SO4+H2O Xia et al. (2000b) 
)0(
,2 NaClSH
B  0.07965 0.069674 40–120 H2S+NaCl+H2O Xia et al. (2000b) 
)0(
4,2 ClNHSH
B  0.192285 -54.81280 40–120 H2S+NH4Cl+H2O Xia et al. (2000b) 
)0(
3,2 NaNOSH
B  0.00163 10.45166 40–120 H2S+NaNO3+H2O Xia et al. (2000c) 
)0(
34,2 NONHSH
B  0.114265 -45.05788 40–120 H2S+NH4NO3+H2O Xia et al. (2000c) 
42422 ,, SONaSONaSH




-0.00688 0 40–120 H2S+(NH4)2SO4+H2O Xia et al (2000b) 
NaClNaClSH ,,2
Γ  -0.00280 0 40–120 H2S+NaCl+H2O Xia et al (2000b) 
ClNHClNHSH 442 ,,
Γ  -0.00250 0 40–120 H2S+NH4Cl+H2O Xia et al. (2000b) 
332 ,, NaNONaNOSH
Γ  -0.00002 0 40–120 H2S+NaNO3+H2O Xia et al. (2000c) 
34342 ,, NONHNONHSH









β  6.4495 -2073.663 40–120 NH3+H2S+H2O Rumpf et al. 
(1999) 
−++ HSNHNH ,, 44
τ  0.03111 -10.83011 40–120 NH3+H2S+H2O 
Rumpf et al. 
(1999) 
 
 CHAPTER 3  MODELLING DEVELOPMENT 
 
A MODELLING STUDY OF H2S ABSORPTION IN PURE WATER AND IN RAINWATER  49 
3.3 Computational procedures and block diagram 
Considering the single electrolyte (MV+XV-) solution, there are eight species existing in 
the aqueous phase namely H2S, HS-, S2-, H2O, H+, OH-, Mz+ and Xz-. Therefore, there 
are a total of seventeen unknowns, mi and γi for all species and the mole fraction of 
water. To solve for the seventeen unknowns. seventeen equations are needed and are 
shown below: 
 
 The two Gamma/Phi formulation for H2S and water,  
 The three mole balance equations for H2S, H2O and MV+XV-,  
 The four chemical equilibrium equations for H2S, HS-, H2O and MV+XV-, 
and 
 The seven activity functions for all species except H2O and one equation for 
the activity of water. 
 
This problem is to solve for a system of non-linear equations. Several methods have 
been introduced such as Brown’s method which was utilized by Deshmukh and Mather 
(1981) and Newton’s method utilized by Roberts and Tremaine (1985). This study used 
the latter method to solve the system of equations. The sequence of calculations is as 
follows: 
 
(1) The temperature, pressure and the mole fraction of H2S in vapour phase are 
specified. 
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(2) The equilibrium constants, the Henry’s constant, the saturation pressure, the 
Debye Hückel parameter, the parameters of equation of state, the binary and 
ternary interaction parameters are calculated. 
(3) A preliminary solution is calculated by setting all activity coefficients and 
fugacity coefficients equal to unity. 
(4) The equilibrium composition is determined from the converged solution. 
 
More detailed computational procedures are shown in Figure 3-2. 
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Figure 3-2 The computational block diagram for the modelling 
Specify T and 
Solve the cubic EOS for Z 
Solve for the 
∧
iφ of H2S and H2O
based on yH2S, yw, EOS and
calculated Z. 
Check if |yH2S(calc) – yH2S| < ε
Calculate mi of other species using 
yH2S, KR, mole balance equation and 
electroneutrality equation. 
yH2S =  yH2S(calc) 
Assume yH2S
Calculate γi of all species and aw 
using activity functions, and 
calculated interaction 
parameters. 
Calculate yH2S(calc) = 1-yw  
Substitute all parameters into Eq. (3.2) 
to determine yw.  
Calculate KR, HH2S, Aϕ, Psat, binary and 
ternary parameters, EOS parameters. 
Assume unity of γi, ϕi, aw
Yes No
Print yH2S
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CHAPTER 4 : RESULTS AND DISCUSSION 
The absorption of acidic gases in aqueous phase is a process that involves many 
solubility controlling variables such as temperature, pressure, and the composition and 
pH of solvent used. In order to obtain an optimum design of the absorption process, an 
in-depth understanding of the system properties and how the controlling variables 
affect the solubility are essential. Therefore, extensive evaluations of the H2S vapour 
liquid equilibrium as a function of pressure, temperature and solution composition have 
been conducted during the course of the study. The results are presented in several 
subsections according to specific investigations undertaken.  
 
Four models were developed based on four different equations of state: RK EOS, SRK 
EOS, MPR EOS and PRSV EOS and the modelling results were verified by the 
experimental data of Selleck et al. (1952) and Wright and Maass (1932) for pure water 
system at low pressure and high pressure systems. The model which best fits the 
experimental data was used for the investigations of the effect of pH on H2S solubility 
in a manner similar to Carroll’s work (1998). This model was further applied in H2S-
single electrolyte solution and the modelling results were verified by Xia et al. (2000a, 
2000b and 2000c).  
 
Finally, the developed model that best fits the experimental results is used in H2S-
rainwater system for the prediction of the H2S solubility in rainwater. 
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4.1 Comparisons of models 
For the investigation of the solubility of acidic gas in aqueous phase, it is always 
recommended to start with the simplest system-pure water for the reasons that the 
interaction parameters and variables considered are reduced to a minimum. In the pure 
water system, only molecular interaction between H2S has to be taken into account. H+, 
OH-, HS- and S2- are present in very dilute concentrations and hence their 
concentrations and the corresponding ionic interactions are negligible. Several 
experiments (Selleck et al., 1952 and Wright and Maass, 1932) had been carried out for 
the estimation of the H2S solubility in pure water. The experiment by Selleck et al. 
(1952) was carried out at pressures up to 345 bar and temperatures up to 171 oC and 
therefore it is chosen for the verification of modelling results at high pressure region. In 
addition of the high pressure region, the experiment of Wright and Maass (1932) was 
conducted at low pressures (P < 5 bar) and low temperatures (T < 60 oC) conditions and 
hence is used for the low pressure regions verification. 
 
4.1.1 Low pressures system (P < 10 bar) 
According to Carroll (1990b), for a system at pressures lower than 1.25 bar the 
Gamma/Phi formulation is reduced to the strict Henry’s Law such that the activity 
coefficients of all species in aqueous phase, and the fugacity coefficient of H2S and 
H2O in vapour phase are very close to unity, and thus assumed as one. However, when 
pressures are between 1.25 bar and 10 bar, the non-idealities in vapour phase have to be 
taken into account which means that the fugacity coefficients can no longer be assumed 
unity and have to be calculated by EOS. 
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The mole fractions of H2S in liquid ( SHx 2 ) and vapour ( SHy 2 ) phases obtained from the 
modelling results developed from RK EOS, SRK EOS, MPR EOS and PRSV EOS are 
shown in Table 4-1. 
 
Table 4-1 The comparison of four developed models with experimental results. 
P Mole fraction  
 Wright and Maass (1932) RK EOS SRK EOS MPR EOS PRSV EOS 
(bar) yH2S xH2S yH2S xH2S yH2S xH2S yH2S xH2S yH2S xH2S 
T = 25 oC 
0.52 0.9401 0.0009 0.9387 0.0008 0.9387 0.0008 0.9387 0.0008 NA NA 
1.04 0.9692 0.0018 0.9692 0.0018 0.9692 0.0018 0.9692 0.0018 NA NA 
1.53 0.9790 0.0027 0.9789 0.0027 0.9789 0.0027 0.9790 0.0027 NA NA 
2.11 0.9848 0.0037 0.9846 0.0037 0.9846 0.0037 0.9847 0.0037 NA NA 
2.58 0.9876 0.0046 0.9874 0.0046 0.9874 0.0045 0.9874 0.0045 NA NA 
3.50 0.9908 0.0062 0.9906 0.0062 0.9906 0.0061 0.9906 0.0061 NA NA 
T = 40 oC 
0.65 0.8872 0.0008 0.8857 0.0007 0.8857 0.0007 0.8857 0.0007 0.8855 0.0008 
1.25 0.9411 0.0015 0.9402 0.0015 0.9402 0.0015 0.9402 0.0015 0.9400 0.0016 
1.83 0.9599 0.0023 0.9589 0.0022 0.9589 0.0022 0.9590 0.0022 0.9587 0.0023 
2.47 0.9703 0.0031 0.9694 0.0031 0.9694 0.0031 0.9694 0.0031 0.9692 0.0032 
3.04 0.9759 0.0039 0.9750 0.0039 0.9750 0.0038 0.9750 0.0038 0.9747 0.0039 
4.13 0.9822 0.0053 0.9814 0.0053 0.9814 0.0052 0.9814 0.0052 0.9811 0.0053 
T = 50 oC 
0.75 0.8364 0.0007 0.8024 0.0006 0.8023 0.0006 0.8023 0.0006 0.8343 0.0007 
1.39 0.9115 0.0014 0.9014 0.0013 0.9013 0.0013 0.9013 0.0013 0.9101 0.0014 
2.03 0.9396 0.0021 0.9342 0.0020 0.9342 0.0020 0.9342 0.0020 0.9381 0.0021 
2.71 0.9547 0.0028 0.9512 0.0028 0.9512 0.0027 0.9512 0.0027 0.9534 0.0029 
3.34 0.9633 0.0035 0.9605 0.0035 0.9605 0.0034 0.9605 0.0034 0.9620 0.0036 
4.54 0.9730 0.0048 0.9709 0.0048 0.9709 0.0047 0.9708 0.0047 0.9719 0.0049 
T = 60 oC 
0.87 0.7717 0.0006 0.7694 0.0005 0.7693 0.0005 0.7690 0.0005 0.7693 0.0007 
1.55 0.8718 0.0013 0.8698 0.0011 0.8697 0.0011 0.8696 0.0011 0.8698 0.0013 
2.24 0.9114 0.0019 0.9094 0.0018 0.9093 0.0018 0.9093 0.0018 0.9095 0.0020 
2.95 0.9327 0.0026 0.9307 0.0025 0.9307 0.0025 0.9307 0.0025 0.9310 0.0026 
3.64 0.9454 0.0032 0.9435 0.0031 0.9435 0.0031 0.9435 0.0031 0.9438 0.0033 
4.94 0.9598 0.0044 0.9579 0.0044 0.9579 0.0043 0.9580 0.0043 0.9583 0.0045 
 
The four models generally give good predictions for SHy 2 and SHx 2 at low temperature 
and pressure ranges if compared to the experimental results of Wright and Maass 
(1932).  
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Table 4-2 below illustrates the percent deviation of each model as compared with the 
experimental results. 
 
Table 4-2 The percent deviationsa of the developed models with experimental results at low 
pressure and temperature regions 
Pressure Deviation of mole fraction from experimental results (%) 
 RK EOS SRK EOS MPR EOS PRSV EOS 
(bar) σyH2S σxH2S σyH2S σxH2S σyH2S σxH2S σyH2S σxH2S 
T = 25 oC 
0.52 0.15 5.11 0.15 5.32 0.15 5.35 NA NA 
1.04 0.00 1.50 0.00 1.97 0.01 2.02 NA NA 
1.53 0.01 0.60 0.01 1.32 0.01 1.39 NA NA 
2.11 0.02 1.37 0.02 0.35 0.02 0.24 NA NA 
2.58 0.02 0.31 0.02 0.93 0.02 1.05 NA NA 
3.50 0.03 0.82 0.03 0.87 0.02 1.04 NA NA 
T = 40 oC 
0.65 0.16 12.21 0.16 12.38 0.17 12.40 0.19 0.54 
1.25 0.09 4.76 0.10 5.16 0.09 5.21 0.12 1.45 
1.83 0.10 1.00 0.10 1.64 0.09 1.72 0.12 2.69 
2.47 0.10 0.00 0.10 0.88 0.09 0.99 0.12 2.03 
3.04 0.09 0.51 0.09 1.60 0.09 1.74 0.11 0.76 
4.13 0.09 0.42 0.09 1.10 0.08 1.29 0.11 0.53 
T = 50 oC 
0.75 4.07 18.42 4.08 18.56 4.08 18.57 0.26 1.19 
1.39 1.12 9.54 1.12 9.88 1.12 9.93 0.16 0.07 
2.03 0.57 2.18 0.57 2.76 0.57 2.84 0.15 3.79 
2.71 0.37 1.46 0.37 2.27 0.38 2.38 0.14 2.37 
3.34 0.29 0.54 0.29 1.56 0.29 1.70 0.13 2.12 
4.54 0.21 0.60 0.22 0.82 0.22 1.02 0.11 1.82 
T = 60 oC 
0.87 0.29 28.97 0.31 29.08 0.36 29.09 0.31 0.69 
1.55 0.23 14.85 0.23 15.14 0.25 15.19 0.23 0.62 
2.24 0.22 4.89 0.23 5.41 0.23 5.49 0.21 4.51 
2.95 0.21 4.56 0.21 5.27 0.21 5.38 0.18 1.84 
3.64 0.20 1.87 0.21 2.80 0.20 2.95 0.17 2.85 













=σ , NA – not available 
 
The predicted SHy 2 by the four models agree well with the experimental data with 
deviations not more than 5%. Although PRSV EOS gives the best prediction in liquid 
phase, it can only work at temperatures higher than 40 oC because of its EOS 
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interaction parameters (k12 and k21) were obtained from raw data of Selleck et al. (1952) 
and Gillespie et al. (1984) by least square regression which yields the temperature 
dependent correlations shown in Table 3-5. The mixing rules of PRSV EOS (Eq. 
(A.4.12)) requires both k12 and k21 to have the same sign and hence leading to a 
temperature restriction from 42 oC to 240 oC (Carroll and Mather, 1989). 
 
4.1.2 High pressures system (P > 10 bar) 
For system at pressures more than 10 bar, the non-idealities of vapour phase and liquid 
phase are significant and therefore, the complete Gamma/Phi formulation was 
employed. The modelling procedures were discussed in previous chapter. Briefly, the 
activity coefficients of all species were calculated by Eq. (3.9) and Eq. (3.10) and 
vapour phase fugacity coefficients were calculated according to the EOS and its 
corresponding mixing rules. The modelling results by different EOS were calculated 
and are shown in the following graphs. 
 
Solid line - RK equation of state
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Figure 4-1 The experimental (symbols) and RK EOS predicted (solid lines) mole fraction of 
H2S in vapour phase at different temperatures and pressures (experimental data of Selleck et al. 
(1952)). 
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Solid line - SRK equation of state
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Figure 4-2 The experimental (symbols) and SRK EOS predicted (solid lines) mole fraction of 
H2S in vapour phase at different temperatures and pressures (experimental data of Selleck et al. 
(1952)). 
 
Solid line -MPR equation of state
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Figure 4-3 The experimental (symbols) and MPR EOS predicted (solid lines) mole fraction of 
H2S in vapour phase at different temperatures and pressures (experimental data of Selleck et al. 
(1952)). 
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Solid line -PRSV equation of state
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Figure 4-4 The experimental (symbols) and PRSV EOS predicted (solid lines) mole fraction 
of H2S in vapour phase at different temperatures and pressures (experimental data of Selleck et al. 
(1952)). 
 
Figure 4-1 to Figure 4-4 show the modelling results of the mole fractions of H2S in 
vapour phase at pressures more than 10 bar and temperatures from 37.8 oC. All models 
give accurate results at pressures lower than 100 bar. However, as pressure increases to 
150 bar, only MPR EOS predicts values that are close to the experimental results. RK 
EOS and SRK EOS deviate significantly from experimental results at temperatures of 
104.4 oC, 137.8 oC and 171.1 oC.  
 
Figure 4-5 to Figure 4-8 compare the experimental H2S solubility, which expressed as 
liquid phase mole fraction, with calculated values using RK EOS, SRK EOS, PRSV 
EOS and MPR EOS, respectively. The agreement is acceptable for pressures less than 
100 bar for MPR EOS. However, for RK EOS, SRK EOS and PRSV EOS, the liquid 
phase mole fractions at T = 104.4 oC deviate from the experimental results 
significantly. The calculated deviation of the liquid phase mole fractions at T = 104.4 
oC is also presented in Error! Reference source not found.. One can observe that the 
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deviations of RK EOS, SRK EOS and PRSV EOS at pressure of 86.18 bar are 4.10%, 
15.23% and 18.01% respectively where MPR EOS is only 0.80%.  
 
Note that, the molalilty of H2S ( SHm 2 ) can be calculated from the mole fraction of H2S 











where 55.5099 is the molality of water in mol/kg water.  
 
Solid line - RK equation of state
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Figure 4-5 The experimental (symbols) and RK EOS predicted (solid lines) mole fraction of 
H2S in liquid phase at different temperatures and pressures (experimental data of Selleck et al. 
(1952)). 
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Solid line - SRK equat ion of state
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Figure 4-6 The experimental (symbols) and SRK EOS predicted (solid lines) mole fraction of 
H2S in liquid phase at different temperatures and pressures (experimental data of Selleck et al. 
(1952)). 
 
Solid line - MPR equat ion of state
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Figure 4-7 The experimental (symbols) and MPR EOS predicted (solid lines) mole fraction of 
H2S in liquid phase at different temperatures and pressures (experimental data of Selleck et al. 
(1952)). 
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Solid line - PRSV equat ion of state
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Figure 4-8 The experimental (symbols) and PRSV EOS predicted (solid lines) mole fraction 
of H2S in liquid phase at different temperatures and pressures (experimental data of Selleck et al. 
(1952)). 
 
Table 4-3 The deviations of developed models with experimental results at T = 104.4 oC. 
Pressure Deviation of mole fraction from experimental results (%) 
 RK EOS SRK EOS MPR EOS PRSV EOS 
(bar) σyH2S σxH2S σyH2S σxH2S σyH2S σxH2S σyH2S σxH2S 
T = 104.4 oC  
13.79 0.20 2.43 0.18 0.26 0.22 1.86 0.26 0.78 
27.58 0.06 5.18 0.05 0.75 0.11 3.92 0.24 1.81 
41.37 0.19 7.62 0.19 1.82 0.26 5.54 0.44 3.44 
55.16 0.27 8.98 0.27 4.07 0.37 5.99 0.60 6.22 
68.95 0.33 8.72 0.34 7.74 0.48 4.75 0.77 10.32 
86.18 0.08 4.10 0.11 15.23 0.41 0.80 0.91 18.01 
 
The deviations of RK EOS and SRK EOS from experimental data can be explained as 
follows: 
 
1. For RK EOS, this study used the original RK EOS which assumes that the 
interaction between H2S and water is zero, for the prediction of H2S 
solubility in pure water. This assumption has led to poor accuracy of 
predicted solubility data especially at high pressure and high temperature 
conditions. 
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2. For SRK EOS, as mentioned earlier in literature review, the parameter κi, is 
obtained from the slope at TR = 0.7 of a plot of 2
1
α  and 2
1
RT  along the 
vapour pressure curve from TR = 0.7 to TR = 1.0, whereas in PR EOS and 
MPR EOS, the vapour pressure data from the normal boiling point to TR = 
1.0 was used. Therefore, SRK EOS generally does not give accurate data at 
wider temperature ranges if compared to PR EOS and MPR EOS. 
 
Although PRSV EOS gives comparable solubility prediction to MPR EOS, it has 
temperature constraint and cannot predict the H2S solubility at temperatures lower than 
40 oC. 
 
From the above verifications, although MPR EOS does not give as accurate prediction 
in liquid phase at pressures lower than 1 bar and at temperatures lower than 60 oC as 
PRSV EOS. However due to the fact that the absorption process is normally operated at 
pressures from 7 to 70 bar, and the model by MPR EOS still gives the best fit H2S 
distribution  in both vapour and liquid phases in this pressure range, MPR EOS model 
was chosen for the modelling of the following systems. 
 
4.2 Effects of pressure and temperature on H2S solubility 
The effects of pressure and temperature on the H2S solubility can also be observed from 
Table 4-1 and Figure 4-1 to 4-8. The solubility of H2S has been found to increase with 
increasing pressure, but decreases with increasing temperature. The observed trend is 
expected and can be described by Gamma/Phi formulation. The Gamma/Phi 
formulation can be rearranged as: 
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At an arbitrary pressure P = 50 bar, the changes in Henry’s constant, activity coefficient 
and fugacity coefficient of H2S, and the Ponyting factor (the exponential term) with 
increasing temperature are shown in Table 4-4 below.  
 
















ϕ  wy  SHy 2  
25 0.0317 9.735 0.9763 0.9489 0.5948 0.4095 0.9997 0.0015 0.9985 
50 0.1235 15.90 0.9151 0.9610 0.6905 0.5301 0.9989 0.0046 0.9954 
75 0.3858 22.08 0.8866 0.9684 0.7533 0.6399 0.9972 0.0120 0.9880 
100 1.0134 27.47 0.8705 0.9730 0.7983 0.6988 0.9937 0.0289 0.9711 
125 2.3206 31.79 0.8607 0.9762 0.8332 0.7404 0.9875 0.0622 0.9378 
150 4.7582 35.16 0.8575 0.9790 0.8617 0.7705 0.9773 0.1214 0.8786 
170 7.9163 37.35 0.8616 0.9815 0.8815 0.7884 0.9653 0.1950 0.8050 
 
For water which acts as solvent, an increase in temperature causes a significant increase 
in vapour pressure of water ( satwP ) but has less effect on wa , 
∧
wϕ and satwϕ . Therefore the 
mole fraction of water ( wy ) in vapour phase is increased according to Eq. (4.2) and 
results in decrease of SHy 2 . This phenomenon can be observed from Figure 4-1 to 4-4. 
On the other hand, due to an increase in temperature which causes the significant 
increase in Henry’s constant ( SHH 2 ) and the decrease in SHy 2 as mentioned earlier, the 
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ϕ increases and the denominator SH2γ decreases with increasing temperature, 
their influences on SHm 2 are not as obvious as SHH 2 due to the fact that their values are 
only in the limited range from 0 to 1. Moreover, the Ponyting factor is a very weak 
function of temperature, hence its influence in this case is negligible. 
 
Therefore, the higher the temperature, the lower is the SHm 2 . 
 
Similarly, the effect of pressure on the H2S solubility in aqueous solution can also be 
explained through Gamma/Phi formulation. The calculated parameters in this 
formulation as a function of pressure are presented in Table 4-5. 
 
Table 4-5 The calculated parameters in Gamma/Phi formulation as a function of pressure 
P 
(bar) )(bar







5 1.1851 28.314 0.9875 0.9803 
25 1.1851 28.314 0.9281 0.9004 
50 1.1851 28.314 0.8683 0.8051 
75 1.1851 28.314 0.8255 0.7125 
100 1.1851 28.314 0.8046 0.6145 
 
sat
wP and SHH 2 are functions of temperature and hence remain unchanged as pressure 
increases. A direct effect of pressure on H2S solubility can be observed from Eq. (4.3). 
Other parameters such as 
∧
SH 2
ϕ and SH2γ have less influences on H2S solubility as can be 
observed from Table 4-5. Therefore, the higher the pressure, the higher is the SHm 2 . 
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4.3 Effect of pH on H2S solubility in aqueous phase 
pH is another important variable that affects the solubility of H2S in aqueous solution. 
By applying the model that is developed based on MPR EOS, the solubility of H2S as a 
function of pH at an arbitrarily chosen pressure and temperature are plotted. 
 
Figure 4-9 and Figure 4-10 show the effect of pH on the solubility of H2S. Note that the 
concentration of S2- is not plotted in the graphs because its concentration in every case 
is too small to be included. In Carroll’s research (1998), the pH was considered only 
until a value of 8 so that the activity coefficient of ionic species can be neglected. This 
study had included the pH values up to 10 by taking into account the activity 
coefficients resulting from the presence of ion concentration in solution.  
 
As can be seen from the two figures, at low pH value (acidic condition), the molecular 
H2S is the predominant form. This continues to be the case until pH equals to the 
negative logarithm of the first dissociation constant of H2S (pKR1), the concentration of 
HS- is equal to H2S. As pH gets higher, more H2S is dissociated to HS- and hence HS- 
becomes the predominant form in the liquid phase. Therefore, the higher pH drives the 
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The table below shows the values of first dissociation constant of H2S, pKR1 at different 
temperatures calculated by Eq. (3.38). 
 
Table 4-6 The first dissociation constants of pKR1 at different temperatures. 






Furthermore, similar phenomena are also observed in these two figures. Figure 4-9 has 
shown that at constant pressure, the higher the temperature, the lower is the total 
amount of H2S in liquid phase ( SHt 2 ) whereas Figure 4-10 has shown that at constant 
temperature, the SHt 2  is higher as pressure increases.  
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25 C - mHS
25 C - mH2S
25 C - tH2S
93.3 C - mHS
93.3 C - mH2S
93.3 C - tH2S
 
Figure 4-9 The approximate solubility of H2S as a function of pH at P = 1bar and T = 25 oC 
and 93.3 oC respectively. 
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5 bar - mHS
5 bar - mH2S
5 bar - tH2S
50 bar - mHS
50 bar - mH2S
50 bar - tH2S
 
Figure 4-10 The approximate solubility of H2S as a function of pH at T = 71.1 oC and P = 5 
bar and 50 bar respectively. 
 
4.4 Effects of single electrolyte on H2S solubility 
For the industrial absorption of H2S by aqueous solution, in many cases, there are 
presences of electrolytes to be considered. The sources of the electrolytes can be from 
the untreated sour gases and from the aqueous solutions. The presence of electrolyte 
changes the solubility of H2S by altering the activity coefficients of species in solution. 
When the gas solubility is increased by increasing electrolyte concentration, the 
phenomenon called salting-in effect occurs; when the gas solubility is decreased with 
increasing electrolyte concentration, the phenomenon called salting-out effect takes 
place.  
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By applying MPR EOS, this study had illustrated the H2S solubility in different single 
electrolyte solutions. The modelling results were verified using the results of Xia et al. 
(2000a, 2000b and 2000c). A total of six electrolytes were of interest namely sodium 
nitrate (NaNO3), sodium chloride (NaCl), sodium sulphate (Na2SO4), ammonium 
nitrate (NH4NO3), ammonium chloride (NH4Cl) and ammonium sulphate ((NH4)2SO4).  
 
4.4.1 H2S in NaNO3 solution of different concentrations 
Sodium nitrate (NaNO3) is a strong electrolyte. When it dissolves in water, the 
electrolyte completely dissociates to sodium ion (Na+) and nitrate (NO3-). Depending 
on the electrolyte concentration, different degree of interactions between molecule-
molecule, ion-ion and molecule-ion occurs and leading to changes in H2S solubility. 
The changes in H2S solubility in aqueous solution of NaNO3 as a function of 
temperature, pressure and concentration are plotted in Figure 4-11 and Figure 4-12. The 
two plots have shown that the modelling results by MPR EOS agree closely with the 
experimental results. 
Symbol - Xia et al. (2000c) 





















T = 40 C
T = 60 C
T = 80 C
T = 120 C
 
Figure 4-11 The experimental (symbols) and MPR EOS predicted (solid lines) solubility of 
H2S in 3.040 mol/kg of NaNO3 aqueous solution at different temperatures and pressures 
(experimental results of Xia et al. (2000c)).  
mNaNO3 = 3.040 mol/kg
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Symbol - Xia et al. (2000c) 
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Figure 4-12 The experimental (symbols) and MPR EOS predicted (solid lines) solubility of 
H2S in 5.952 mol/kg of NaNO3 aqueous solution at different temperatures and pressures 
(experimental results from Xia et al. (2000c)). 
 
The solubility of H2S in NaNO3 aqueous solution as compared to pure water was also 
studied and is shown below: 
Symbol - Xia et al. (2000c) 
Solid line - this work for NaNO3 aqueous solution
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Figure 4-13 The comparison of the experimental (symbols) and MPR EOS predicted (solid 
lines) H2S solubility in aqueous solution of NaNO3 at different concentration and at T = 120 oC 
with pure water system (dotted lines) (experimental results from Xia et al. (2000c)). 
mNaNO3 = 5.952 mol/kg
mNaNO3 = 3.040 mol/kg 
mNaNO3 = 5.952 mol/kg 
T = 120 oC 
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The solubility of H2S decreases with increasing NaNO3 concentration. The solubility is 
smaller than pure water at the same temperature and pressure. 
 
4.4.2 H2S in NaCl solution of different concentrations 
Sodium chloride (NaCl) is also a strong electrolyte that experiences complete 
dissociation when dissolved in water. The modelling results agree well with 
experimental data. The effects of NaCl on H2S solubility are illustrated in the figures 
below. 
 
Symbol - Xia et al. (2000b) 
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Figure 4-14 The experimental (symbols) and MPR EOS predicted (solid lines) H2S solubility 
at mNaCl = 4.007 mol/kg at various temperatures and pressures (experimental results from Xia 
et al. (2000b)). 
 
mNaCl = 4.007mol/kg  
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Symbol - Xia et al. (2000b) 
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Figure 4-15 The experimental (symbols) and the MPR EOS predicted (solid lines) H2S 
solubility at mNaCl = 5.953 mol/kg and various temperatures and pressures (experimental data 
taken from Xia et al. (2000b)). 
 
The comparison of the solubility of H2S in NaCl aqueous solution with pure water 
system is also provided in Figure 4-16. 
 
Symbol - Xia et al. (2000b) 
Solid line - this work for NaCl aqueous solution
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Figure 4-16 The experimental (symbols) and MPR EOS predicted (solid lines) solubility of 
H2S in aqueous solution of NaCl at different concentrations as compared with pure water system 
(dotted lines) at T = 120 oC and at different pressures (experimental results taken from Xia et al. 
(2000b)). 
 
mNaCl = 5.953 mol/kg 




 CHAPTER 4  RESULTS AND DISCUSSION 
 
A MODELLING STUDY OF H2S ABSORPTION IN PURE WATER AND IN RAINWATER  73 
The salting out effect occurs with the presence of NaCl and hence decreases the 
solubility of H2S in aqueous phase. The impact of NaCl is stronger than NaNO3 due to 
it stronger interaction with H2S molecules which will be discussed later. 
 
4.4.3 H2S in Na2SO4 solution of different concentrations 
Na2SO4 is also a strong electrolyte that dissociates completely in water, giving strong 
interactions between species. The modelling results as compared with experimental 
results are shown in plots below. 
 
Symbols - Xia et al. (2000b) 
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Figure 4-17 The experimental (symbols) and MPR EOS predicted (solid lines) solubility of 
H2S in 0.492 mol/kg of Na2SO4 aqueous solution at various temperatures and pressures 
(experimental data from Xia et al. (2000b)). 
 
mNa2SO4 = 0.492 mol/kg 
 CHAPTER 4  RESULTS AND DISCUSSION 
 
A MODELLING STUDY OF H2S ABSORPTION IN PURE WATER AND IN RAINWATER  74 
Symbols - Xia et al. (2000b) 
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Figure 4-18 The experimental (symbols) and MPR EOS predicted (solid lines) solubility of 
H2S in 0.945 mol/kg of Na2SO4 aqueous solution at various temperatures and pressures 
(experimental data from Xia et al. (2000b)). 
 
Similar to NaNO3 and NaCl, the presence of Na2SO4 reduces the solubility of H2S in 
aqueous phase, as illustrated in Figure 4-19. Figure 4-20 compares the solubility of H2S 
in Na2SO4 aqueous solution and in water. Unlike NaCl and NaNO3, Na2SO4 has very 
influential impact on H2S solubility even at a very low concentration. 
 
 
mNa2SO4 = 0.945 mol/kg 
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Symbols - Xia et al. (2000b) 
Solid line - this work for Na2SO4 aqueous solution
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Figure 4-19 The experimental (symbols) and MPR EOS predicted (solid lines) solubility of 
H2S in various concentrations of Na2SO4 aqueous solution as compared with pure water system 
(dotted lines) at various temperatures and pressures (experimental results taken from Xia et al. 
(2000b)). 
 
The interactions, especially the binary interactions, play a very important part for these 
differences. These binary interactions are the short range interactions between 
electrolytes and H2S molecules in aqueous phase which hold back the equilibrium 
shifting to the right and hence reduce the H2S solubility in the aqueous phase.  
 
The binary interactions between molecular H2S and electrolytes were calculated 
according to Eq. (3.41) and are demonstrated in Table 4-7. 
Table 4-7 The binary interactions of NaNO3, NaCl and Na2SO4 at T = 120 oC.  





mNa2SO4 = 0.5mol/kg 
mNa2SO4=0.945mol/kg
mNa2SO4 = 6 mol/kg 
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The binary interaction parameter of Na2SO4 is much greater than that of NaNO3 and 
NaCl by an order of 10. Therefore it should be reasonable for the behaviour observed in 
Figure 4-20. The H2S solubility in 0.945 mol/kg of Na2SO4 aqueous solution is smaller 
than that in NaCl and NaNO3 at concentration of 6 mol/kg. Apart from that, the 
solubility of H2S in NaCl solution is smaller than in NaNO3 solution at the same 
concentration due to the greater interaction of NaCl with molecular H2S.  
 
Symbols - Xia et al. 
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Figure 4-20 Comparison of experiemental (symbols) and MPR EOS calculated (solid lines) 
H2S solubilities in aqueous solution of NaNO3, NaCl and Na2SO4 solution at various temperatures 
and pressures (experimental results from Xia et al. (2000b and 2000c)). 
 
4.4.4 H2S in NH4NO3 solution of different concentrations 
As can be seen from Figure 4-21, the solubility of H2S obtained from modelling agrees 
reasonably well with the experimental results. Note that because of the negative binary 
interaction between NH4NO3 and H2S molecules (Table 4-8), the solubility of H2S 
increases with increasing NH4NO3, this is attributed to the salting in effect as 
mNaNO3 = 6 mol/kg 
mNaCl = 6 mol/kg 
mNa2SO4 = 0.945mol/kg 
Symbols – Xia et al. (2000b and 2000c) 
S lid li thi k
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mentioned earlier. This behaviour is shown in Figure 4-25 and will be discussed later in 
this section. 
 
Symbols - Xia et al. (2000c) 
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Figure 4-21 The experiemental (symbols) and MPR EOS calculated (solid lines) solubility of 
H2S in aqueous solution of 5.790 mol/kg NH4NO3 as a function of temperature and pressure 
(experimental data taken from Xia et al. (2000c)). 
 
Table 4-8 The binary interactions of NH4NO3, NH4Cl and (NH4)2SO4 at T = 80 oC and 120oC 
respectively 
Electrolytes (MX) MXSHB ,2  
T = 80 oC 
NH4NO3  -0.0133 
NH4Cl 0.0371 
(NH4)2SO4  0.1543 
T = 120 oC 
NH4NO3  -0.0004 
NH4Cl  0.0528 
(NH4)2SO4 0.1529 
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4.4.5 H2S in NH4Cl solution of different concentrations 
The modelling results in this work have a good agreement with the experimental data. 
The presence of NH4Cl causes salting out effect on H2S solubility in aqueous solution.  
 
Symbols - Xia et al. (2000b) 
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Figure 4-22 The experimental (symbols) and MPR EOS predicted (solid lines) solubility of 
H2S in aqueous solution of 5.988 mol/kg of NH4Cl at different temperatures and pressures 
(experimental data from Xia et al. (2000b)). 
 
 
4.4.6 H2S in (NH4)2SO4 solution of different concentrations 
The modelling results as compared with the experimental results of Xia et al (2000b) 
are presented in Figure 4-23 and Figure 4-24. Excellent agreement with experimental 
data is achieved.  
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Symbol - Xia et al. (2000b) 
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Figure 4-23 The experimental (symbols) and MPR EOS calculated (solid lines) solubility of 
H2S in aqueous solution of (NH4)2SO4 at concentration of 1.925 mol/kg at various temperatures 
and pressures (experimental data from Xia et al. (2000b)). 
 
Symbol - Xia et al. (2000b) 
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Figure 4-24 The experimental (symbols) and MPR EOS predicted (solid lines) solubility of 
H2S in aqueous solution of (NH4)2SO4 at concentration of 3.825 mol/kg at various temperatures 
and pressures (experimental results from Xia et al. (2000b)). 
 
In addition to the excellent agreement of modelling result with the experimental data, it 
is noteworthy to compare the effects of these three ammonium salts with pure water. 
An arbitrary temperature of 80oC was chosen. 
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Symbol - Xia et al. (2000b) 
Solid line - this work
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Figure 4-25 Comparison of experimental (symbols), MPR EOS predicted (solid lines) H2S 
solubility in NH4NO3, NH4Cl and (NH4)2SO4 with pure water system (dotted lines) as a function of 
temperature and pressure (experimental results from Xia et al. (2000b)). 
 
Owing to the relatively large value of binary interaction of (NH4)2SO4, the solubility of 
H2S in (NH4)2SO4 aqueous solution is the smallest as compared to that in NH4Cl and 
NH4NO3 aqueous solutions, even though the concentration of (NH4)2SO4 is lesser than 
NH4Cl and NH4NO3. 
 
Therefore, in general, the solubility of H2S in an electrolyte solution is strongly 
dependent on the interactions between electrolytes and H2S molecules. The binary 
interaction changes with temperature. The higher the temperature, the stronger the 
binary interaction which results in a decrease in H2S solubility. The concentration of 
electrolyte is also important since high electrolyte concentration means that more 
electrolytes are interacting with the molecular H2S and hence prohibit the H2S 
equilibrium shifting to right. 
 
mNH4NO3 = 5.790 mol/kg 
 
m(NH4)2SO4 = 3.825 mol/kg 
T = 80 oC 
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4.5 Solubility of H2S in rainwater System 
4.5.1 Application of the model on H2S – rainwater system 
The effects of temperature, pressure, pH and the presence of single electrolytes on H2S 
solubility have been extensively investigated in this study by the best fit model 
developed based on MPR EOS. The model gives good agreement with the preceding 
experimental data and thus, it is applied for the prediction of H2S solubility in 
rainwater.  
 
For the case of seawater, although there are ten major ions (Na+, magnesium (Mg2+), 
calcium (Ca2+), K+, strontium (Sr2+), Cl-, SO42-, bromide (Br-), floride (F-) and 
bicarbornate ion (HCO3-)) which make up the principal constituents of seawater, these 
ions cannot be described as solution components since the electroneutrality condition 
prevents their concentrations from being varied independently. Since it is impossible to 
estimate the thermodynamics properties of individual ions directly, it is often more 
convenient to express the composition of artificial seawater in terms of the component 
neutral salts. This approach, also known as salt component approach, has provided a 
useful tool for predicting the thermodynamic properties of seawater from what is 
known about the component single electrolyte solution.  
 
By referring to APPENDIX C, Table C-1   and  
Table C-2, for the same reasons as seawater, rainwater is treated as a multi-salt 
solution. The presence of trace elements was neglected due to the fact that they are in 
very dilute concentrations and no data are available in the literature for the interaction 
parameters of H2S with trace elements. With the available electrolyte interaction 
parameters data, the salt composition of artificial rainwater that is based on the ion 
composition of rainwater in Singapore (Table C-1   and  
Table C-2) is shown in Table 4-9. 
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By taking the above salt effects into Pitzer equation of excess Gibbs energy (Eq. (2.20)) 
and by considering pH value of 4.5, the phase behaviour of H2S in rainwater can be 
predicted. The results are plotted in graphs and are compared to pure water system. In 
the graphs, pure water is denoted as PW and rainwater is denoted as RW. 
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T = 37.8 oC
 
Figure 4-26 The MPR EOS predicted H2S solubility in RW ( ) and PW (solid lines) as 
compared to experimental results of Selleck et al. (1952) ( ) at T = 37.8 oC and 71.1 oC. 
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Figure 4-27 The MPR EOS predicted H2S solubility in RW ( ) and PW (solid lines) as 
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Figure 4-28 The MPR EOS predicted H2S solubility in RW ( ) and PW (solid lines) as 
compared to experimental results of Selleck et al. (1952) ( ) at T = 137.8oC.. 
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Figure 4-29 The MPR EOS predicted H2S solubility in RW ( ) and PW (solid lines) as 
compared to experimental results of Selleck et al. (1952) ( ) at T = 171.1 oC.. 
 
As observed from Figure 4-26 to 4-29, the predicted results show that the solubility of 
H2S in rainwater is not very much different from pure water system. This is because 
although rainwater is a multi-salt solution, the measured concentrations of dissociated 
ions are too small that only very weak interactions between ion-ion and molecule-ion 
are induced. The interactions only cause weak salting out and salting in effects in H2S 
solubility. Apart from this, the pH of rainwater ranges from 4 to 5.5. In this pH range, 
the molecular H2S is the predominant form in solution (cf. Figure 4-9 and Figure 4-10) 
which is the same as that in pure water system, therefore giving the prediction that H2S 
solubility in rainwater very close to that in pure water.  
 
4.5.2 Advantages of H2S removal by rainwater 
Although rainwater does not enhance the H2S absorption in the aqueous phase, the use 
of rainwater to replace pure water is still feasible because of the following reasons: 
 
 CHAPTER 4  RESULTS AND DISCUSSION 
 
A MODELLING STUDY OF H2S ABSORPTION IN PURE WATER AND IN RAINWATER  85 
1. Cost 
Rainwater is abundant in Singapore unlike pure water which has to be purchased from 
neighbouring countries and requires expensive water treatment, prior to use for 
industrial applications.  
 
2. Formation of sulphide complexes 
The research study of Millero in 1986 has shown that the presence of trace elements 
has the tendency to form complexes with HS-. According to the research by Begum 
(1998), the trace elements in rainwater of Singapore include aluminium (Al), cadmium 
(Cd), copper (Cu), iron (Fe), manganese (Mn), nickel (Ni) and zinc (Zn). Although the 
presence of trace element was neglected in this study due to unavailability of required 
data, the solubility of H2S in rainwater should be higher than the estimated results as 
the formation of sulphide complexes consumes HS- and promotes the right shifting of 
equilibrium.  





























zMS  is the metal sulphide and 
+zM  is the dissolved metal. The recently 
published thermodynamics solubility products for different metals are given in Table 
4-10. 
 
Table 4-10 The solubility product of metal sulphides in water at 25 oC (Millero (1986)) 
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Metal sulphide Mineral pKsp 
FeS Pyrrotite 5.95 
FeS2 Pyrite 16.4 
CuS Covellite 18.4 
Cu2S Chalcocite 17.4 
NiS α-NiS 12.7 
CdS Greenockite 14.1 
 
The formation of metal complexes is more likely to happen when pKsp of the 
complexes is high. This is because smaller concentrations of dissolving metal and HS- 
are required for the formation of complexes. Therefore, the formation of FeS is more 
unlikely to take place in water due to its small pKsp value (high concentrations of Fe 
and HS- are required to form sulphide complexes). The formations of CuS, Cu2S, FeS2 
and CdS are more likely to occur in water because of their large pKsp values. 
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CHAPTER 5 : CONCLUSIONS 
The objectives of the research were to develop a reliable model for the prediction of 
H2S solubility which is applicable at broader temperature and pressure ranges and in 
solutions with single and mixed electrolytes and to develop a quantitative knowledge to 
replace pure water with rainwater for the removal of H2S from industrial flue gas. 
 
Extensive modelling works by applying different EOS were conducted in this study in 
order to determine a model which can best fit the experimental results. The best fit 
model was then applied to the H2S-rainwater system for the examination of the H2S 
solubility in rainwater. Based on the results of this study, it is concluded that: 
 
1. Among RK EOS, SRK EOS, MPR EOS and PRSV EOS, MPR EOS gives 
the most accurate prediction not only in the pure water system, but also in 
single electrolyte solution at pressures above 1 bar.  
 
2. The solubility of H2S in aqueous phase is a strong function of temperature 
and pressure. The two most influential variables in calculating H2S 
distribution in vapour and liquid phases are satwP  and SHH 2 . By referring to 
Eq. (4.2) and Eq. (4.3), at constant pressure, an increase in temperature 
causes a decrease in SHm 2 . Similarly, at constant temperature, the higher the 
pressure, the higher is the SHm 2 . 
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3. As for the effect of pH, the higher the pH of solution, the higher the amount 
of dissolving H2S in liquid phase. Also, when pH is smaller than pKR1, the 
molecular H2S is the predominant form in aqueous phase. When pH equals 
to pKR1, the concentration of HS- is equal to that of H2S. At pH greater than 
pKR1 the total amount of H2S increases rapidly with pH. 
 
4. The solubility of H2S in electrolyte solution is strongly dependent on the 
type of electrolyte and its concentration. Salting out effect occurs for H2S in 
Na2SO4, NaNO3, NaCl, NH4Cl and (NH4)2SO4 single electrolyte solution. 
Salting in effect occurs for H2S in NH4NO3 solution.  
 
5. An artificial rainwater in terms of the component neutral salts was proposed 
for the estimation of H2S phase behaviour in rainwater. Due to the weak ion-
ion and ion-molecule interactions induced by low concentration of 
electrolytes present in liquid phase, and also the pH of rainwater is smaller 
than pKR1, the approximate H2S solubility in rainwater is very close to pure 
water system.  
 
6. Although the presence of trace element in rainwater was neglected in this 
research, the study by Millero (1986) has shown that the trace element has 
the tendency to form metal complexes with HS-. Therefore the solubility of 
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Based on the modelling results, the use of rainwater to replace pure water for the 
removal of H2S from industrial flue gas is feasible. Note that the term rainwater in this 
study refers to the rainwater that is directly captured by using a proper collector or 
cistern. 
 
The concept of absorption in rainwater may be applicable not only for H2S, but also to 
other acidic gases such as CO2 and SO2.. 
 
The H2S solubility in pure water has been proven that can be enhanced by addition of 
alkaline such as amine. Thus, the investigations of H2S-amine-rainwater system 
through both experiments and modelling are required in future studies.  
 
Apart from this, the understanding of the effects of trace elements on H2S is essential in 
order to give an improved quantitative understanding of the interactions between H2S 
and the dissolved trace metals, and the more accurate prediction of H2S solubility in 
rainwater. So far, this thesis has predicted the H2S solubility in rainwater by modelling 
only. Therefore the experiments to verify the modelling results are important and 
should be carried out in the future studies.  
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APPENDIX A : EQUATIONS OF STATE 
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The partial fugacity coefficients of species i 
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The partial fugacity coefficients of species i 
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The partial fugacity coefficients of species i 
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Partial fugacity coefficients of species i, 
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[ ]{ }21.1, )0103.01(14530.01 swWRW cT −−+=α  for brine system. 
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The partial fugacity coefficients of species i 
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APPENDIX B : THE PITZER’S INTERACTION 
PARAMETERS FOR THE CALCULATIONS OF THE 
ACTIVITY OF WATER (aW) 







qqKTf R1)/( 21  (B.1)
 
Salts Parameters q1 Q2 Reference 
NaNO3 β(0) 0.0038 0.04938 Sing et al. (1999) 
 β(1) 0.21151 8.6493  
 )(φC  -0.00006 -0.0003  
NH4NO3 β(0) -0.01476  Kim and Frederick (1988) 
 β(1) 0.13826   
 )(φC  0.00029   
 
Table B-2 Ion interaction parameters for aqueous phase of Na2SO4 and NaCl 
( ) ( ) ( ) ( )


















































Salts Parameters Q1 q2 q3 q4 q5 q6 q7 Reference 









 Roger and 
Pitzer (1981) 



















NaCl β(0) 0.0765 777.03 
-3.3158  
x 10-6 
0.008946 -4.4706   Silvester and 
Pitzer (1977) 





   
 
 )(φC  0.00127 -33.317 
 -4.655  
x 10-5 
0.09421   
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Table B-3 Ion interaction parameters for aqueous phase of (NH4)2SO4 
TqTq
T
qqKTf 4321 ln)/( +++=   
 
(B.3)
Salts Parameters q1 q2 q3 q4 Reference 





 β(1) 766.00 -23129.6 -130.631 0.189579  






























Parameters β(0) β(1) )(φC  
Q1 -929.689 x 10-3 673.399 x 10-3 -2.79772 x 10-3 
Q2 2.20237 x 10-1 -1.42555 x 10
-1 0.0 
q3 -1033.06 x 10-6 1093.95 x 10-6 -7.41476 x 10-6 
q4 5.49192 x 10-7 0.0 0.0 
q5 -91.5057 x 10-2 0.0 9.09242 x 10-2 
q6 0.0 0.0 2.12227 x 10-1 
q7 4.88766 x 10-2 0.0 0.0 
q8 -1.09552 x 10-2 0.0 0.0 
q9 5.61713 x 10-5 0.0 0.0 
q10 -3.62817 x 10-8 0.0 0.0 
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